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STRENGTH OF WELDED SHELF-ANGLE CONNECTIONS 
By James H. Edwards, H. L. Whittemore, and A. H. Stang 


ABSTRACT 


' Shelf angles for transferring loads from floor beams to columns in steel-frame 
' buildings were arc welded to H-section steel columns. The angles on the different 
' specimens varied in width, thickness, and length. In some of the specimens the 
vertical leg of the shelf angle was placed against the web or flange of the column 
' and fastened with fillet welds along one or more of the edges of contact. These 
| types of specimens were: (A) Single weld at heel of angle; (B) welds at heel and toe 
of angle; (C) welds at ends of angle; (D) welds at heel and ends of angle; and (E) 
; welds at heel, toe, and ends of angle. However, in the specimens of type F the 
angle was made of such a length that it filled snugly between the flanges of the 
column and was fastened to the column with fillet welds at both ends of the 
angle. The inner face of the vertical leg of the angle was placed 2 inches from the 
center line of the column web. 

The specimens were tested to destruction in the 10,000,0CJ-pound testing ma- 
' chine of the National Bureau of Standards. They were «leced in the machine 
| inan inverted position so that the outstanding legs of the «::z!as rested on 6 by 6 
inch steel bearing blocks placed on the lower platen of the » chine. In testing 
all of the specimens, except type F, the inside faces of the caring blocks were 
placed one-half inch from the face of the column to simuiaic 2nd clearance in the 
floor beam. For type F the bearing blocks were placed under the entire width 
of the horizontal legs of the angles. 

Increasing the width of the vertical leg of the angle increased the maximum 
stress for specimens welded only at the ends, type C. There were no definite 
indications that the width of the vertical leg of the angles affected the strength 
| of the other types of specimens. Neither the thickness nor the length of the 
angles appeared to have much effect on the unit strength of the specimens. 

Shelf-angle connections in designing which the stresses are those recommended 
by the Code for Fusion Welding and Gas Cutting in Building Construction, pre- 
pared by the American Welding Society, will have a factor of safety of about four, 
provided the welds are reinforced as much as the welds on these specimens. 
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I. INTRODUCTION 


1. PRELIMINARY 


The increased use of welding in fabricating steel structures ha 
given rise to many questions regarding the strength of welded cop. 
nections. In the past most of the tests have been made on relatively 
small specimens in which the distribution of stress is simple and for 
which there is an exact method of stress analysis. These have serve 
to establish safe values of stress to be used in design as well as methods 
of supervision and inspection to insure that good welds are produced, 
There still remains the need of investigating full-sized connections 
subjected to the more complex conditions of stress which are present 
in an actual structure. Definite knowledge of their behavior under 
load makes it possible to design welded connections which are equally 
strong in resisting the various conditions of stress to which they may 
be subjected. 

2. PURPOSE 


These tests were made to determine the strength of welded connec- 
tions of the seat-angle type for use in steel-frame buildings. In this 
type of connection, angles are welded to the outside of the flanges or 
to the inside of the flanges of the rolled steel columns as shown at A 
and Cin Figure1. The ‘ends of the beams and girders which carry the 
floor are supported on these angles. The effect of changing the dimen- 
sions of the shelf angles and ‘the location of the welds with respect 
to the angles were studied. 


3. ACKNOWLEDGMENTS 


The tests were made at the National Bureau of Standards. The 
American Bridge Co. furnished the specimens which were ‘designed 
by James H. Edwards, chief engineer. O. E. Hovey, assistant chief 
engineer, and other members of the company’s engineering staff 
assisted in making the tests. Prof. Elmer O. Bergman, research 
associate, made the analysis of the test data and edited the manuscript. 


II. SPECIMENS 
1. MAKE-UP 


A test specimen consisted of a pair of angles welded to opposite 
faces of an H-section steel column as shown either at A or at Cin 
Figure 1. The columns were Carnegie beam sections 3 and 8 feet 
long and 10 (CB104) (CB105), 12 (CB126), or 14 (CB146) inches 
deep. To reduce the number of columns required, two pairs of angles 
were welded to each column as shown in Figure 1. As the columns 
were not, except in a few cases, visibly deformed after the tests, the 
size of the columns had little effect upon the strength of the shelf 
angles. As each of the specimens failed through the welds, the 
properties of the material in the angles did not appear to affect the 
results of these tests. 

According to the manner of attaching the shelf angle to the column, 
there were two classes of specimens. For class 1, the vertical leg of 
the angle was —- in contact with the outside of the flange of the 
column (see A—A, f ig. 1) and attached with various combinations 0! 
welds as shown for types A, B, C, D, and E (fig. 2). For class 2; 











Figure 1.—Column having welded shelf-angle connections 


nt No. 1757359, May 6, 1930, James H. Edwards, ‘Steel Building, Frame Construction.’’) 

imen in machine ready for testing. A-A, Shelf angles welded to the outside of the flange 

the H-section. Specimens A to E£, inclusive, were of this type. B-B, steel blocks through 

ich the load was applied. As floor beams do not extend over the entire horizontal leg of the 

le, spaces were left between the blocks and the column. C, shelf angles welded at the ends 

he angles to the inside of the flanges of the H-section. Only one is shown as the other angle 

1 the other side of the column. The distance between the flange and the web ranged from 

& to 154 inches. The steel blocks, B-B, were used for loading these angles. They were placed 

ler the entire width of the horizontal legs of the angles. The plate shown at D was used in 
ther investigation. 
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the angle was of such a length that it fitted snugly between the inside 
faces of the column flanges as shown at C (fig. 1), and type F (fig. 2), 
to which it was fastened by a horizontal and a vertical weld at each 
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Type E Type F 


Figure 2.—Drawing of each of the six types of specimens 


end. The inner face of the angle, C (fig. 1), was 2 inches from the 
enter line of the web. The distance between the flange of the angle 
tnd the web of the column ranged from 1% to 1 % inches, depending 
ipon the size of the column. 
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? These values for maximum stress are much higher than the y 
Discussion, Welds, which are, in all probability, more nearly the actual stresses in the welds, 
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The six —_ of welds are shown in Figure 2 and may be described 
horizontal welds along the heels of the angles: B 
horizontal fe Po along the heels and toes of the angles; C, “vertical 
welds along the ends of the angles; 
ends of the angles; E, welds along the heels, toes, 
angles; and F, horizontal and vertical we lds at each ‘end of the angles, 
the angles fitting between and being welded to the inside faces of the 
The number and position of the welds for each type are 
given in Table 1 
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2. WELDS 


The welder passed the qualification tests of the Structural Steel 
Welding Committee, American Bureau of Welding.’ The welding 
rod was three-sixteenths inch in diameter (c arbon 0.17 and man- 
ganese 0.52 per cent). The are characteristics were d.c., average 
amperes 190, average volts 19. The average ultimate strength of 
all the 20 qualification specimens was 55,520 lbs./in.”? and the mini- 
mum 43,990 lbs.jin2 The average strength of the 12 specimens 
welded in the horizontal position was 56,990 lbs. /in.? and in the vertical 
position 53,330 Ibs./in.? The required average was 45,000 Ibs./in.? 
and the minimum was 40,000 Ibs. /in.? 

All the welds on these specimens were of the fillet type; that is, 
they were triangular welds, joining two surfac es approximately per- 
pendic ap to each other. The nominal size of the welds was %¢ inch, 
the size of a fillet weld being the designed length of its legs.’ The 
actual sizes varied from % inch and %. inch for « one weld on specimen 
F-5 to } ek and % inch for one weld on specimen F-7. They were 
reinforced so that the actual throat was about equal to the leg of the 
weld. 

The throat of a fillet weld, as defined in the Code for Fusion Welding 
and Gas Cutting in Building Construction,’ is the normal distance 
from the root of the weld to the hypotenuse of the largest isosceles 
right triangle that can be constructed in the cross section of the fillet 
weld. The throat of these specimens was computed by multiplying 
the width of the narrower side of the weld by 0.707. Measurements 
on many of the welds showed that the actual throat was equal to the 
shorter leg of the weld. 

The lengths of the welds are the corresponding dimensions of the 
angles. No deductions were made for craters at the ends of the welds. 


3. ANGLES 


From stock sizes of rolled steel angles, four sizes, having about the 
same width of horizontal leg, were selected to obtain a considerable 
difference in the width of the vertical leg. Angles with 4 and 6 inch 
vertical legs had 4-inch horizontal legs; those with 7 and 8 inch 
vertical legs had 3%-inch horizontal legs. The angles varied in length 
from 6 to 12% inches and in thickness from % to 1 inch. The dimen- 
sions of the angles are given in Table 1. 


III. TEST PROCEDURE 


The specimens were tested to destruction in the 10,000,000 pounds 
capacity hydraulic testing machine at the National Bureau of Stand- 
ards. They were placed in the machine in an inverted position so 
that the outstanding legs of the angles rested on 6 by 6 inch steel bear- 
ing blocks, B-B (fig. 1) placed on the lower platen of the testing 
machine. This platen is supported by a spherical bearing. After the 
specimen was placed in the machine, the lower platen was adjusted to 


— 





1§ “ Specifications for Test Specimens, sect ion B, Qualification of Welders, Part I, Direct Current Metal A1 
oeess, American Bureau of Welding, 33 West Thirty-ninth Street, New York, 2 B 
ap iragraph 75, Weld Size, p. 16, Welding and Cutting Nomenclature, Definitions and Symbols, Amer- 
n Welding Society, 33 West Thirty-ninth Street, New York, N. Y., November, 1929. 
C rde fo rr Fusion Ww elding and Gas Cutting in Building Cons struction, Part A, Structural Steel, Edition 
AL herican Welding Society, 33 West Thirty-ninth Street, New York, N. Y. 
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bring the upper surface of the column parallel with the upper platen: 
thus, the applied load was distributed approximately uniformly oye 
the column. In all but two specimens (D-1 and D-2) the angles ey. 
tended beyond the ends of the blocks. Figure 1 shows a specimen jy 
the machine ready for testing. 

The methods used in loading the specimens were designed to ap. 
roximate the loading of a similar connection in an actual structure 
n a structure the load on the shelf angle is the end reaction of the 

floor beam. To facilitate erection, clearance is provided betwee 
the ends of the beam and the faces ofthecolumns. Figure 1 shows the 
method used in loading the specimens, having the vertical leg of the 
angle against the face of the column (types A, B, C, D, and 8), 
The distance between the face of the bearing block and the face o} 
the column was one-half inch so as to load the angle approximately 4s 
it would be loaded by a floor beam having clearance at the ends. This 
method of loading is referred to in this paper as ‘‘partial support.” 

For specimens of type F, having the angles welded at their ends to 

the inside faces of the column flanges, the supporting blocks were 
placed under the entire width of the horizontal legs of the angles, 
because in an actual structure the clearance at the ends of the bean 
would be less than the distance between the angle and the web of the 
column. This method of loading is designated ‘‘full support.” 


IV. TEST DATA 


The values of the maximum loads and the corresponding values of 
the maximum loads per unit length of weld and maximum stresses are 
given in Table 1. In this table the data for each type of specimen 
are arranged according to the width of the vertical leg of the angles 
beginning with the narrowest. 

The computed maximum load per unit length of weld is the maxi- 
mum load divided by the sum of the lengths of all the welds. The 
computed maximum stress on the throat area is the maximum load 
divided by the sum of the throat areas of all the welds; that is, the 
average throat multiplied by the sum of the lengths of all the welds. 

For computing the factor of safety, it was assumed that the forces 
on the shelf angles acted in the faces of the columns. For types A, 
B, C, D, and E it was assumed that the vertical welds were under 
shearing stress and the horizontal welds at the heel of the angles under 
tension and at the toe under compressive stress. Similarly, for type 
F all the vertical welds were assumed to be under shearing stress and 
the horizontal welds under tensile stress because the angle deflected. 

The stresses recommended by the Code for Fusion Welding were 
used: that is, shear 11,300, tension 13,000 and compression 15,000 
lbs./in.? on the section through the throat of the weld. Dividing 
the observed maximum load for each specimen by the safe working 
load computed in this way, a factor of safety was obtained; these 
values are given in Table 1. A factor of safety of four is usually 
considered safe for statically loaded steel structures. 

This method of design is admittedly the roughest kind of an 
approximation. Under V-1. Discussion, Welds, a somewhat closer 
analysis of some of the types of specimens is attempted. These 
seem to indicate that the computed values of the maximum stress 
given in Table 1 are higher than the actual stresses, especially for 
type A specimens, 
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As the actual throats were in most cases considerably larger than 
the throat computed in accordance with the Fusion Welding Code, 
and some of the welds did not rupture through the throat, the actual 
width of the fracture was measured. These values are given in 


| Table 1. The maximum stress on fractured area was obtained by 
' dividing the maximum load by the sum of the fractured areas of all 
| the welds; that is, the average width of the fracture multiplied by 
' the sum of the lengths of all the welds. 


A detailed account of the behavior of the specimens follows. 
Type A.——Horizontal welds along the heels of the angles. The 


' angles of specimens 1 and 3 scaled. The specimens failed suddenly 


' by rupture across the throat of the weld at the maximum load. 


Type B.—Horizontal welds along the heels and toes of the angles. 


- The heel welds of specimen 4 scaled and those of specimens 1 and 3 


‘cracked. The maximum loads were only slightly greater than those 
' which caused scaling or cracking. The welds at the heel failed 


' across the throat and those at the toe failed along the leg on the 


‘column. The horizontal legs of the angles bent, the thickest angles 
' bending the least. The horizontal legs of the angles of specimen 1 
' started to shear at the corners of the bearing blocks. 


Type C.—Vertical welds along the ends of the angles. Failure 


' occurred by rupture of the weld at the throat, fracture beginning 
' at the lower or heel end of the weld. The outstanding legs of the 


' angles bent, the thickest angles bending the least. 


Type D.—Welds along the heels and the ends of the angles. The 
angles of specimens 2, 3, 5, and 6 scaled. The welds along the heel 
cracked at the maximum load, after which the load decreased very 


rapidly. Failure occured by rupture of the welds at the throat. 


Type E—Welds along the heels, toes, and ends of the angles. 
The angles of specimens 1 and 2 and the column flanges of specimen 
3 scaled. In general, the welds fractured across the throat at the 


' heel and the ends of the angles and along the leg on the column at 
| the toe of the angles. The outstanding legs of the angles of speci- 
| mens 1 and 2 bent. 


Type F.—Both legs of angles welded to the inside faces of the 
flanges. The welds scaled and the angles bent. The vertical legs 
of the angles of specimens 4, 6, 8, and 9 also scaled. Failure of the 
welds began at the toe of the angles. The column flanges of speci- 
mens 1, 2, and 7 bulged outward. One angle of specimen 6 sheared 
at the heel between the edges of the bearing block and the flanges 
of the columns. Failure occurred by rupture of the vertical welds 
at the throat and of the horizontal welds along the leg on the column. 


V. DISCUSSION 
1. WELDS 


The forces acting on the shelf angle for a specimen of type A are 
shown in Figure 3. The shelf angle on each side of the column is 
shown to emphasize the fact that the forces are symmetrically 
arranged with respect to the column. The column and the floor 
beams are shown by dashed lines. It should be remembered that 
in this figure the members are shown inverted with respect to the 
position they would occupy in a structure because the specimens 
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were tested in this position: P is the force applied by the floor beams, 

S and 7 are components of the stress acting across the cut section 
es the weld and the column, C is the resultant compressive 
force which the column exerts on the vertical leg of the angle, and 
F, and F, are frictional forces. The weld will fail when the stress, 
of which S and 7’ are the components, becomes greater than the 
strength of the weld. Both /, and F, reduce the values which § 
and 7’ would have if no friction were present. 

The authors are indebted to O. E. Hovey for the following analysis 
of the stresses in the specimens of type A. 

As under the action of the force P exerted by the bearing block. 
the outstanding leg of the angle would deflect, the action line of P 
is probably outside but close to the outer surface of the vertical leg of 
the angle about in the position shown in Figure 3, 


| 
| 
A 

















Floor Beam 


FiagurE 3.—Free-body diagram showing the forces acting on a shelf angli 
and the weld of a specimen of type A having a weld at the heel of the angle 


The pressure of the vertical leg of the angle against the flange 
of the column would cause bending stresses in this leg of the ang'e 
which increase from zero at the tce to a maximum at the [fillet 
Because of the deflection of the vertical leg, the pressures would 
expected to vary approximately inversely as the cube of the dist 
from the fillet. Opposite the fillet the stress distribution is far fron 
simple and need not be discussed. Below the fillet the pressure _x 
tribution would be expected to follow closely the compressive stress 
in a simple beam taking the centroid of the weld as the neutral! axis 

An approximate pressure distribution curve is shown at o 6 cd 
(fig. 3). The action line of the resultant C is probably slightly 
above the upper surface of the outstanding leg of the angle as shown. 

Knowing, approximately, the action lines of the forces P and ( 
and assuming a coefficient of friction (say 0.3), the values of the 
forces and of the stress on the weld may be computed. The stress 
computed in this way is about 60,000 Ibs. /in’. 
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The values of the maximum stress computed on the throat area for 
specimens of type A given in Table 1 appear to be much higher than 
the actual stresses and somwehat higher than those computed on the 
fractured area. A shelf angle designed by the method described in 
IV, Test Data, would, therefore, be safe. This is indicated, also by 
the high factors of safety given in Table 1. 

The forces acting on a specimen of type B are shown in Figure 4. 
The forces are similar to those acting on specimens of type A (therefore 
the notation is the same) with the addition of the shearing force Sp 
on the toe of the angle. Due to the force S;, the magnitude of the 
force Sz is less than in specimens of type A. 

The low values of the factor of safety for specimens B-3 and B-4, 
particularly the latter, raise the question as to the safety of this type 
of shelf angle when designed in this way. 
itshould be pointed out that if specimen B-4 | s 
had been the only one tested, it would have A 
been concluded that the factor of safety a 
of this type of shelf angle was only 3.08. 

A discussion of the forces acting on speci- 
mens of type C is given later under V-2 (a), 
Angles, Width. For these specimens the 
stress in the welds is, for the most part, shear. 
Shelf angles of this type designed as described 
in IV, Test Data, may be satisfactory, 
although specimen C-—1 showed a low factor 
of safety. pages, 

For types D, E, and F the variation in 
the number and position of the welds and =F 7 7 
in the width and length of the angles is too 7 — 











complex to warrant an analysis based on the P| 'Sy 

limited number of tests. Figure 4.—Free-body dia- 
Shelf angles of these types designed as gram showing the forces 

described in IV, Test Data, might be safe, acting on a shelf angle and 


141 . , ep y the welds of a specim ; 
although specimens D-5, E-1, and F-1, ting tee pune y Mend 


4, and 5 showed factors of safety less than _ heel and the toe of the angle 
four. 

_ The bending of the shelf angles of type F probably caused high 
local stresses in the welds resulting in the low factors of safety. 


2. ANGLES 


(a) WIDTH 


There are no definite indications that the width of the vertical 
leg of the angles affected the strength of the specimens of types 
A, D, E, and F. For type B there is a decrease and for type C an 
ineesene in the maximum stress with an increase in the width of the 
angie. 

_ For specimens of type B the distribution of the load between the 
heel and toe welds depends on the stiffness of the vertical leg of the 
angles. The greater the width of the vertical leg, the larger will be 
the deformation. As a result the heel weld carries a larger proportion 
oi the load for the lower loads. At and near the maximum load, 
however, the load must be distributed approximately equally because 
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the welds in all probability have sufficient ductility to detrude at the 
maximum load, enough to equalize the loads. Tests upon longitudi. 
nal fillet welds, similar to these, showed that the detrusion Was 
about 0.1 inch before the load decreased appreciably from the maxi- 
mum. For the angles having an 8-inch vertical leg a detrusion in the 
heel weld of only 0. ‘01 inch more than the toe weld would appear to be 
all that is necessary to equalize the loads. This detrusion mus 
occur in a direction prependicular to the direction of the weld, and 
might not reach the value found for the detrusion in the direction o} 
the weld. 

The forces acting on a shelf angle of specimens of type C are shown 
in Figure 5. P is the external force applied to the angle, S is the sum 
of the friction and the shearing force on the welds, Ci is the resultant 
compressive force between the column and the toe of the angle and 
upper portion of the welds, 7 is the resultant tensile force on the 
lower portion of the welds, The angle is in equilibrium under the 
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Ficure 5.—Free-body diagram showing the forces acting on a shelf 
angle and the welds of a specimen of type C having welds at the 
ends of the angle 


action of these forces which form two opposing couples. If the 
width of the vertical leg of the angle is, for example, doubled and the 
load P is also doubled (the average shearing stress in the weld remain- 
ing the same), the magnitude of the forces 7’ and C will not change 
since their moment arm is doubled. As a result the tensile stress in 
the lower portion of the weld will be reduced to one-half its former 
value, while the shearing stress will remain unchanged. The result- 
ant stress in the lower portion of the weld will, therefore, be decreased 
as the width of the vertical leg of the angle increases, and a greater 
maximum load per unit length ‘will be required to cause failure. This 
is approximately confirmed by the increase in the value of the maxi- 
mum stress (type C, Table 1) with an increase in the width of the 
vertical leg of the angle. 
(b) THICKNESS 


No definite conclusions can be drawn regarding the effect of the 
thickness of the angles on the strength of the connection. In type 
C there is an increase in strength with increase of width. The higher 
loads carried by the wider angles may be due, in part, to their greater 
thickness, 
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Stang 


| If we exclude the specimens of type A for which the thickness of the 
§ angles, obviously, had little effect upon the maximum stress, we find 
© the following average maximum stresses on the throat area: Angles 
' % inch thick, 40,000 lbs/in.?; % inch thick, 54,800; % inch thick, 
55,000; % inch thick, 50, 200; and 1 inch thick, 53,000. It is evident 

that the thickness of the angles has practically no effect upon the 
- maximum stress, at least for angles thicker than \ inch. 


(c) LENGTH 


Since the length of the angles ranged from 6 to 12 inches and the 
load was applied only over the middle 6 inches, there were bending 
stresses in the direction of the length of the angle. These bending 
‘stresses might be expected to lower the values of the maximum 
| stresses given in Table 1 for the longer angles. 

The angles for specimens of type A were all 8 inches long so no 
conclusions can be drawn from the results on these specimens. 
Considering only specimens of types B, C, D, and E, the average 
maximum stress on the throat area for the angles 6 inches long is 
59,000 lbs/in.?; for the angles 8 inches long, 55,000; and for the 
angles 10 inches long, 52,900. These values tend to confirm the 
assumed effect of bending stresses, but the differences are small and 
may have been caused by other variables. 

For specimens of type F, the average maximum stress on the throat 
area for the 7%,-inch angles is 53,300; for the 84-inch angles, 43,000; 
for the 9% loads angles, 52,500;-and for the 12%-inch angles, 53,500 
lbs./in.2 It is evident that for these specimens the length of the angles 
has very little effect upon the stress. As they were supported only 
at the ends, the bending stresses were probably higher than in the 
specimens of the other types. The conclusion seems justified that the 
maximum stress is practically independent of the length of the angle 
for all of these specimens. 


VI. CONCLUSIONS 


Shelf angles for transferring loads from floor beams to columns in 
steel-frame buildings were arc-welded to H-section columns. The 
; types of weld connections used were: Single weld at heel of shelf angie; 
welds at heel and toe of angle; welds at ends of angle; welds at heel 
and ends of angle; welds at heel, toe, and ends of angles; and welds at 
ends of angles fitted between the flanges of the H-section. The 
” imens were tested to destruction with the following results: 

. Each specimen failed through the weld. Therefore, the prop- 
is of the material in the column and in the angles had little or no 
effect upon the values of the maximum load. 

. For the specimens having welds only at the ends of the angles 
ihe average maximum stress in the welds increased as the w idth of 
the vertical leg of the angle was increased. 

3. There were no definite indications that the width of the vertical 
leg of the angles affected the strength of the specimens. 

4, Neither the thickness nor the let igth of the angles appeared to 
have much effect on the strength of the specimens. 

5. Shelf-angle connections similar to those tested in this investiga- 
tion, with reinforced fillet welds, will have a factor of safety of about 





792 Bureau of Standards Journal of Research (Vas 


4 if they are designed with the following assumptions: (a) The forces 
act in the face of the column; (b) vertical fillet welds are stressed jp 
shear; (c) horizontal fillet welds at the heel of the angle are Stressed 
in. tension; (d) horizontal fillet welds at the toe of the angle are Stresseq 
in compression, and (e) the allowable stresses are those given in th 
Code for Fusion Welding and Gas Cutting in Building Construction 
prepared by the American Welding Society. 


WasHINGTON, July 8, 1930. 





RP231 


MEASUREMENT OF SURFACE TEMPERATURES 
By Wm. F. Roeser and E. F. Mueller 


ABSTRACT 


After a brief discussion of some of the methods which have been used for meas- 
uring surface temperatures, the paper describes a surface thermometer of the 
- thermocouple type which was successfully used for measuring the temperatures 
of steel rails during the periods of heating before and after welding. A compen- 
' sated type of thermocouple, for more precise measurements at temperatures 
below 400° F., is also described, and results obtained in measuring the temperature 
» of a drying roll are given. 


' The measurement of the temperature of a surface, when this tem- 

perature differs considerably from that of the environment, offers 
difficulties not encountered in the usual kind of temperature measure- 
' ments, and many special devices and refinements of technique have 
' been applied in problems of this kind. In this note some of the 
| available methods for measuring surface temperatures are described, 
' with particular reference to two types of contact thermometers which 
were found to be serviceable in special cases. 

The methods which are ordinarily used for measuring surface 
temperatures fall into four general classes: (1) Those in which sub- 
stances which undergo visible alterations, such as color change or 
melting, at a fixed temperature, or within a narrow range of tempera- 
ture, are placed on the surface; (2) those in which a thermometric 
device is permanently attached to the surface; (3) those in which the 
temperature of the surface is inferred from the indication of instru- 
ments actuated by the radiation emitted from the surface; and 
(4) those in which a thermometric device is placed on or near the 
surface and the temperature of the surface is inferred from the 
indications of the device. 

It is well known that the melting, or still better, the freezing points 
of pure substances furnish one of the best means available for estab- 
lishing thermometric fixed points. Under favorable circumstances 
such thermometric points have been found to be fixed and reproducible 
to 0.01° or even to 0.001° F. The favorable conditions are purity of 
material, usually most easily obtained in certain metals or simple 
inorganic compounds; adequate isolation and protection of the sample 
during the measurement, and insertion of the thermometer into the 
material. Under such conditions the accuracy attainable is limited 
principally by the purity of the material and the sensitivity and 
accuracy of the temperature-measuring device. Under less favorable 
conditions the accuracy may be much lower. If the material is 
impure or becomes contaminated during the measurement, melting 
or freezing will take place within a range of temperature which, in 
general, is : below the melting point of the pure material. 

If a pure material placed upon a heated surface is seen to melt, this 
gives positive assurance that the temperature of the surface is higher 
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than the melting point of the material, provided only that there ha [We th 
































been no contamination, in which case there is no definite meltiyo t th 
point. If the material does not melt, this gives no positive assurance [egear! 
that the temperature of the surface is below the melting point of the [Bgyrfac 
material, because the piece placed on the surface is in thermal contac, [Rpalibi 


not only with the surface, but also with the surrounding medium, anj 
therefore, assumes a temperature which is the resultant of all the 
influences to which it is subject. If molten material placed on , 
surface is seen to freeze, this can be taken to indicate that the tempers. 
ture of the surface can not be much higher than the freezing poin, 
of the material. The method may, therefore, be capable of showing 
that the temperature of a surface is not below some known temper. 
ture, but does not yield other positive information. 

The measurement of surface temperatures where the thermometric 
device is permanently attached is generally limited to the measur. 
ment of the temperature of stationary metal surfaces. This is 





pature 
commonly accomplished by drilling two small holes into the surface [perio 
to a convenient depth and peening the bare end of each wire of « HBweld 
thermocouple into the separate holes. The ordinary welded junction WBtact 
is not employed, the circuit being completed through the metal. I' fq pr 
the wires are sufficiently small, the effect due to heat transfer along Junin: 
the wires is negligible. Even when the temperature of the surface is MRarvy1 
not uniform, the holes can usually be drilled so close together that the RF. 
indication of the thermocouple will correspond approximately to the [pyrc 
temperature of the surface immediately surrounding the place where Jdisk 





the couple wires are peened. Several devices to bring the portion of 
the wires next to the junction to the same temperature as the junction, 





dian 



























wert 
have been employed. One method which gives very satisfactory JRNo. 
results is to run the thermocouple wires along the surface, so that the J ther 
wires are in good thermal contact with the surface, but electrically [sold 
insulated from it. igold 

The measurement of the temperature of moving surfaces by disk 
thermometric devices which are permanently attached to the sur- Jmm 
face requires complicated auxiliaries, such as sliding electric con- and 
tacts. This method is so complicated that it is not ordinarily em- JJ the 
ployed. por 

Radiation and optical pyrometers whose indications depend upon J the 
the radiation received by the instruments are available for measur- J fac 
ing surface temperatures. Theoretically the total radiation pyrom- J sm 
eter can be used for measuring any temperature, but it is ordinarily J con 
not applied for temperatures below 1,200° F. If the surface is ex: I 


gol 
F tac 


the 


posed to view and above a red heat, the optical pyrometer may be 
employed and very satisfactory results obtained under favorable 
conditions. 











The apparent temperatures indicated by these pyrometers are JJ 
always lower than the true temperatures of the surfaces, by a the 
amount depending upon the emission characteristics of the surfaces. per 
Data are available for a large number of materials by means of which the 
approximate corrections for emissivity may be made. The cor JR th 
rections in the case of the radiation pyrometer are much larger than me 
in the case of the optical pyrometer, with a correspondingly larger m 
uncertainty in the temperature found. ™ 

Contact thermometers have been made in a great variety of forms. ho 
Most of them contain a thermocouple which is so designed that when wl 
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he thermometer is brought into contact with a surface, the junction 


%{ the thermocouple assumes 
' early the temperature of the 
face. If such a couple is first 
alibrated by contact with sur- 
Faces of known temperature, it 
gan be used to measure the tem- 
perature of any similar surface. 
* In 1924, at the request of the 
Bint C ommittee on Welded Rail 
i points, American Bureau of Weld- 
ing, there was designed and con- 
structed at the National Bureau 
fof Standards a contact pyrom- 
ieter for determining the temper- 
ipture of rails during the heating 
periods before and after the 
This con- 
act pyrometer shown in Figure 
Nl prov ed satisfactory for meas- 
furing the temperature of station- 


Pary metallic surfaces up to 1,300° 


'F. The hot junction of this 
pyrometer consisted of a gold 
idisk, 1 mm thick and 7 mm in 
diameter, into which two holes 
ewere drilled about 0.5 mm deep. 


No. 22 gage chromel and alumel 
‘ oo. 


thermocouple wires were hard 


isoldered into these holes. The 
igold disk was backed with mica 
idisks forming a stack 2 or 3 
‘mm thick to provide thermal 
‘and electrical insulation between 


the hot junction and the sup- 


| porting tube, as well as to cushion 


the gold disk. The front sur- 


tface of the gold tip was made 
smooth to permit good thermal 
contact with the metallic surfaces. 


It was found that when the 
gold disk was placed in firm con- 
tact with a hot metallic surface, 
the temperature of the disk was 


‘consistently lower than that of 


the surface by approximately 10 
percent of the difference between 
the air temperature and that of 
the hot surface. The instru- 
ment was calibrated by deter- 
mining the emfs. when ‘the disk 
was placed in contact with 
hot surfaces, the temperatures of 
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Figure 1.—Contact pyrometer for measuring surface temperatures up ta 1,300° F. 


which were determined by means of thermocouples peened into the 
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metal. The time required to obtain a reading to an accuracy ¢ 
+25° F. at 1,100° F. was approximately 30 seconds. ia 

King and Blackie’ have described a thermocouple of this gener 
type for measuring surface temperatures up to 200° C. (392° P) 
The time required to obtain the surface temperature of a steel sla} 
within 5° C. (9° F.) with this instrument was about six minute 
Neither of the above instruments is very satisfactory for obtainino 
the surface temperature of materials of very low thermal conductivity 

More recently another type of contact thermometer known as th 
compensated type has been introduced. One form of this instr. 
ment was described by Boyer and Buss.’ In the compensated typ 
an electric heating coil is placed back of the measuring junction an 
the heating so regulated that the space back of the measuring ther. 
mojunction is brought to the same temperature as this junction, 
This equality is obtained by regulating the heating until the mea. 
uring junction and an auxiliary thermojunction placed between the 
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Figure 2.—Compensated contact thermometer for measuring surface temper- 
atures up to 400° F. 





heating coil and measuring junction indicate the same temperature. 
Under these conditions no heat is conducted away from the measur 
ing junction and the latter, therefore, assumes the temperature of the 
surface with which it is in contact. Such a contact thermometer 
need not be calibrated empirically under actual conditions of use, 
since the measuring junction necessarily assumes the temperature 
of the surface. Tests on heated surfaces of known temperature are 
desirable in order to verify the calibration and to determine the 
adequacy of the compensation. 

An important advantage of the compensated thermometer over 
the simpler type first described lies in the fact that the indications 
are very little affected by thermal resistance between the surface 
and the junction, since there is no heat flow from the hot surface 
to the junction when readings are made.’ In fact, it should be possible 
to use a compensated couple to measure surface temperatures with 





} King and Blackie, J. of Sci. Inst., 2, p. 260; 1924-25. 
2 Boyer and Buss, Ind. and Eng. Chem., 18, p. 728; 1926. 
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ynsiderable accuracy, while maintaining the junction at a small 
istance away from the heated surface instead of in contact with it. 
A compensated contact thermometer is peculiarly adapted for 
Beasuring the temperature of a moving surface, when the tempera- 
Bure of the surface passing a given point in space is always the same, 
@s is the case in most continuous processes. Such a thermometer is 
Hdapted primarily for measuring constant temperatures, since sev- 
ral minutes are required for the measuring couple to assume the 
Hemperature, and for adjusting the compensation and taking the 
eadings. 
In 1928 the authors designed and constructed a compensated 
Sontact thermometer for measuring the surface temperature of dry- 
Soc rolls in operation. A diagram of this instrument is shown in 
Vicure 2 and the method employed for connecting the thermometer 
to the indicator is shown in Figure 3. The thermocouple elements 


Pare B. & S. gage No. 22 chrome! and alumel wire. The contact disk 
Fof the thermometer is made of ‘“‘sumet,’”’ a bearing metal, having a 
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FigurE 3.—Wiring diagram for compensated contact thermometer 


‘low coefficient of friction against smooth steel or cast iron. This 


minimizes local heating of the contact tip by friction against the 


‘moving rolls. The ‘‘compensator”’ disk is made of copper in order 


to favor a uniform distribution of temperature back of the contact 


} disk. Small holes were drilled into the disks and the thermocouple 
| wires soldered into the holes with silver solder. The thermocouple 


wires of the contact disk were insulated from the compensator disk 
by small porcelain tubes. 

The accuracy with which the temperature of a moving surface 
can be measured with such a contact thermometer remained to be 
determined. This was done by checking the thermometer on moving 
rolls inside of which known steam pressures were maintained. 

The contact thermometer was first checked on paper drying rolls, 


the results being given in Table 1. A mercury-in-glass thermometer 


was placed in a thermometer well in the exhaust pipe from the roll 
on which the tests were made, and the observed temperatures were 
found to check with those calculated from these thermometer read- 
ings and from the steam pressure inside the roll. The particular roll 
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on which the temperature measurements were made was partial 
protected from heat losses by other hot rolls below and on the sic: 
Under such conditions the drop in temperature through the me, 
wall of the roll was very low. It was estimated that the drop y, 
0.5° F. and this amount has been subtracted from the steam te, 
perature calculated from the pressure in order to obtain the tp, 
surface temperatures given in Table 1. ; 


TaBLE 1.—Checks on contact thermometer on paper drying rolls, 15-inch diame 


' Bl ocie = | 
Surface | Contact ne rue sur- | 


| 'Thermome- | 1; 
speed of |thermometer or face tem- | jo.37 w | Difference | 
rolls |temperature|"®™Perature) erature | ter in well | 


| 
re 
Ft. min, ‘ 

7.5 252. 
252. 
261. 
| 261. 


47. ! 


261. 
261. 
268. 
269. 
266. § 
266. 


266. ¢ 


mm boho on” 


270. 
264. 
263. ! 


265. 











| 
| 





1 This column gives the values of contact thermometer temperature (column 2) minus calculated (tr 
surface temperature (column 4). 


It will be noted from Table 1 that the outside surface temperatir 
as indicated by the contact thermometer agrees with the calculate! 
(true) surface temperature to within 1.5° F., in all cases, and ther 
is no indication of a systematic difference. 

Tests were made to determine the error produced when the con: 
pensator thermocouple was not adjusted to the same temperature « 
the contact couple. It was found that when the compensator coup! 
indicated a temperature 5° F. below that of the contact thermo 
couple, the latter indicated a termperature 1° F. below the true sw. 
face temperature. Thus, to obtain an indication of the surface ten: 
perature to 1° F. it was necessary to have the compensator coup! 
indicate the same temperature as the contact couple to within 5° F 

The contact thermometer was also checked on milk drying rolk 
running with known steam pressures with no milk on the rolls. Th: 
results of these tests are given in Table 2. The rolls were protected 
from drafts and, in this case, it was estimated that the drop in ten: 


perature in the wall of the roll was 2° F. 


TABLE 2.—Checks on contact thermometer on milk drying rolls 


[The diameter of the rolls was 28 inches. The surface speed of the rolls was 107 feet per minute] 


True sur- 
face tem- Difference ! | 
perature | 


Contact 
thermometer 
| temperature 


Steam 
temperature 


°F. # fe 
262. 5 264. 5 262. 5 
319.5 | 319. 317.0 
317.0 317. 4 | 315. 4 
320.0 321. : | 319.3 


1 This column gives the values of contact thermometer temperature (column 1) minus the calculate 
(true) surface temperature (column 3), 
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rt will be noted from Table 2 that the outside surface temperature 
S indicated by the contact thermometer agrees with the calculated 


ie) surface temperature to within 2.5° F. in all cases, while the 
erage difference 1s 1.2° F. 
As an example of the application of this type of instrument to the 
Soasurement of surface temperature and of the magnitude of the 
nperature variations obtained in drying processes, the results of 
me measurements on the rolls of a milk drying machine while in 
peration will be given. 
A photograph of a twin-cylinder machine is reproduced in Figure 4. 
e drying cylinders are made of cast iron and are heated from the 
side by steam at a pressure of approximately 75 lbs./in.? (gauge). 
.e cylinders, 28 inches in diameter and 5 feet long, rotate about 
i times per minute. Fresh liquid milk is fed into the V-shaped 
pace between the upper halves of the faces of the two cylinders and 
fixed depth of liquid milk is maintained in that space during opera- 
on, A small quantity of the milk passes regularly between the 
rlinders (which are slightly separated from each other) and adheres 
the form of a thin film upon the face of each cylinder, is dried 
ereon, and then removed by stripping knives held in contract with 
e rotating cylinders. 
' The temperature measurements on the rolls of the milk drying 
achines were made at @ plant of the Dry Milk Co. For making 
nheasurements on the portion of the rolls carrying a milk film, an 
uxiliary knife was used for scraping the film from the roll. This 
ife scraped the milk off for a width of about 2 inches. It was 
laced at various points around the circumference at the middle of 
ie roll and the contact thermometer was placed in a position about 
inches behind the knife. Under these circumstances, while the 
ate of heat flow within the cylinder wall was not modified, the rate 
f heat loss from the portion of the surface at which measurements 
ere being made was very nearly the same as the rate of heat loss 
rom the surface of a clean, dry roll. 
| The values in Table 3 give the results of tests made on one of the 
olls of one machine when operating at an average steam pressure of 
4.2 lbs./in.? (gauge). The position at which the contact thermome- 
iter was held are expressed as percentages of the circumference from 
the point of the rolls nearest to contact. 


TABLE 3.—Temperature measurements on milk drying rolls 


[Steam pressure approximately 64 Ibs./in.? (gauge). Corresponding steam temperature 311° F.] 





} 
| q Surface 
eae | j Stes 
Position on roll sauna tempera- 
- ature 





255. 0 

251.0 

51. » 250. 

es below knife______ 39. § " 244. 5 

co Si iE eee eae eee ee ene) er ee 25. 3. % 242. 
from bottom . 2. 52. € 238. 





The values in Table 4 give the results of the tests on the same 
roll of the same machine when operating at an average steam pres- 
sure of 74.3 Ibs./in.? (gauge). 
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TaBLe 4.—T'emperature measurements on milk drying rolls 
[Steam pressure approximately 74 Ibs./in.? (gauge). Corresponding steam temperature 319° F) 


Position on roll | Per cent | J eam 


St 
ressure | ‘tl 








Lbs./in. 
74, 5 | 
74.9 | 

75. 4 | 

74, 4 

73.0 

73,8 


At top of roll 

6 inches above knife 
3% inches below knife 
133%4 inches below knife 
At bottom of roll 

45° from bottom 


Mmmoooon 
eS 
aAonscoe 








The observations given in Tables 3 and 4 are shown graphical 
in Figures 5 and 6. Figure 5 indicates the cycle of temperatiy 
which a point on the roll goes through during each rotation. 


Ke 
y 
R 
a 
t 
= 

iS 
¢ 
Ny 
S 

® 


, - a a6 mw hue hs UL Oo ee ee oe ee 2 
Fractions oF Revoz.urions Feom Poinr Nearest To Conracr 
Figure 5.—Cycle of temperature of a point on the surface of the roll 
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The following observations were taken at a point just below th 
e ance 


knife on one of the rolls to determine the temperature drop in thi r 
. . Whos 
milk film: 


Steam | Temper 
pressur 4 rapi 
| 
| 


fusit 








unal 


Measurement on milk film-- tha 
voly 


tne 


At the point where these measurements were made the milk film 
was practically free from moisture. Taking into consideration th 
change in steam pressure the temperature drop in the milk film was 


of the order of 3° F. 


per 
meg 


pec 
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© An attempt was made to determine the temperature of the upper 
Srface of one of the rolls by applying fusible substances to the sur- 
.. Benzoic acid, pyrogallol, and a number of other substances 
re used. 
In the experiments on the rolls of a paper drying machine very 
tisfactory results had been obtained on the clean, dry surfaces by 
bplying a small bead of the material, inclosing the head of a pin, to 
fe surface of the moving roll. When the temperature was below 
be melting point of the material, the bead made no mark on the roll 
t when the temperature was high enough to melt the material the 
ad left a wet streak on the roll. 
When this method was applied to the milk drying machines under 
erating conditions it failed to vield definite results because the 
Jinders were not scraped entirely clean by the stripping knives 


A 


Ficvees Insiveé CircLes APPLY For 640 “*Sin* 
Ficvres Oursive Cirncres Arpty For 74.5 **%n.* 











FiaguRE 6.—Temperatures observed at various points on the rolls 


The film of material on the cylinder was of such character that when 
ithe beads of various materials were held against the moving surface 
streaks always appeared. Streaks of practically the same appear- 
ance, however, were produced by beads of several fusible materials 
pwhose melting points, when pure, were known to be above the tem- 
rperature of the roll. Even a piece of wood made a similar streak 
on the roll. 

It was found that the rolls of the milk drying machine moved too 
rapidly to make the determination by placing small pieces of the 
lusible materials on the cylinder, since it was not possible, with the 
unaided eye, to observe whether melting took place or not. Stopping 
ile machines long enough to make the observation would have in- 
volved a very uncertain extrapolation, since every accessible point on 
the surface was increasing in temperature by approximately 5° F. 
per second. We thus have to record one more instance in which the 
measurement by means of fusible substances has failed to meet ex- 
pectatlons, 





802 Bureau of Standards Journal of Research 


SUMMARY 


Two types of contact thermometers are described in this pape 
and the results of temperature measurements made on the rolls 4 
paper and milk drying machines with one of the contact thermomet 
are also given. The surface temperatures of moving rolls have bes 
determined to an accuracy of 2° F. by means of a compensated ¢q, 
tact thermometer. 

Attempts to determine the approximate temperature of the gy. 
face of the moving rolls by employing fusible substances _proys 
successful on clean, dry surfaces but were unsuccessful when appli 
to surfaces carrying foreign or contaminating materials. 


WASHINGTON, June 9, 1930. 
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ABSTRACT 






Two welded steel pedestals were tested in compression and a study of the 
ress distribution was made. These pedestals were designed for the purpose 
replacing cast-steel pedestals for bridges because they could be made in a 
orter time and without the use of expensive patterns. In one of the pedestals, 
e inclined plates did not touch the bottom plates, and the parts of the pedestal 
Suld be clamped in their proper relative position before welding the inclined 
jates to the bottom plates. The stress distribution in this pedestal was uni- 
rm over the inclined plates and the stiffeners at mid height. The inclined 
Blates of the other pedestal were machined so as to fit directly between the top 
land base plates and a fillet weld was used to maintain the relative position of 
the plates. The stresses in the stiffeners of this pedestal were more than twice 
s great as the stresses in the inclined plates for loads in the designed working 
Mange. It was evident that the uniform distribution of stress in the first pedestal 
was due to the even bearing obtained by the use of the large weld between the 
sclined and the base plates. 

The maximum strengths of the two pedestals were, however, about the same 
nd more than six times the load for which they were designed. 
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I. INTRODUCTION 


_ Pedestals are used to support the ends of bridges. They distribute 
‘the concentrated load over the top of the masonry or concrete bridge 
rpiers. If the lower surface of the pedestal is sufficiently large, the 
compressive stresses in the pier will be safe. 

| Bridge pedestals have in the past been either grey iron or steel 
‘castings. Cast pedestals have the disadvantages that the patterns 
are expensive and that the time required to make the castings some- 
times delays the completion of the bridge. 

| Pedestals, especially the smaller sizes, can not be economically 
) made by riveting together pieces of rolled structural steel. As welding 
is coming into use for the fabrication of steel structures, the American 
Bridge Co. designed pedestals of rolled steel plates, joining the 
spleces by electric arc welding. As the use of welded pedestals was 
a radical departure from present practice, the cooperation of the 
bureau was obtained in determining the compressive strength. 
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II. THE PEDESTALS 






jiw 
Drawings of the pedestals are shown in Figure 1. They ya 
designed to carry a load of 350,000 pounds, and represent one g; 
in a series of pedestals for different bridge spans and loadings. 

The difference between the pedestals F1 and F2 lies wholly ; In th 
connection between the bottom plate and the inclined plates, 
pedestal #1, the inclined plates (P2) do not touch the bottom ply 
and the parts of the pedestal can be truly lined and clamped in tly 
proper relative positions before the weld “A” is made. The 
responding inclined plates (P6) of pedestal F2 must be carefy! 
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Figure 1.—Drawing of the pedestals 














MATERIAL FOR PEDESTAL F1 MATERIAL FOR PEDESTAL F2 












P1, one plate 12 by 1% by 17 inches. All material same as that in F1 except plates 





P2, two plates 121%6 ‘(finished width) by % P6 used instead of plates P2. 

by 30 inches. P6, two plates 13% (finished width) by 7% 
P3, four plates 3% by 3% by 12!%6 inches by 30 inches. 

(neat length). 





P4, two plates 6 by % by 8 inches. Note.—All welds 34 inch except weld A for pe 
P5, one plate 20 by 134 by 30 inches. tal F1. 



















finished at both the bottom and the top, and any irregularity in a 
of the plates may r result 1 in uneven bearing after the seams are welde 


III. LOCATION OF STRAIN GAGE LINES 





Twenty 2-inch gage lines were used for the study of stress distribi- 
tion on each pedestal. It was recognized that this number was 10! 
sufficient to determine fully the stress distribution, but the resu! 
show that much was learned which would aid in perfec ting the desigt 
The location of the gage lines is shown in Figures 2, 3, and 4. 
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a; was convenient to designate the four sides of the pedestal by the 
tials of the cardinal points of the compass toward which the sides 
ed when in the testing machine and the gage lines on each side by 
additional number or letter to show the location. 
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Stresses in the inclined plates and in the stiffeners of pedestal F1 
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Figure 2. 


Side View 


Gage ling 
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60000 


8 ° 
8 
q) -pDo7 
On the east and west sides, the five gage lines, 1 to 5, were at mid 
height between the top and bottom plates. Line 41 was directly 


pposite Wi, and they were near the north side of the pedestal. 
Uther lines having corresponding numbers were also opposite each 
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other. Lines 1, 3, and 5 were on the inclined plates and lines 2 and 
on the outer surface of the stiffener plates. The horizontal] 
lines H-T and W-T were near the top, and H-B and W-B 
near the bottom of the inclined plates at mid length. 
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Stresses in the inclined plates and in the stiffeners of pedestal F2 
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Three horizontal gage lines were located on both the north an 
south edges of the base plates, one-eighth inch below the top surfact 
of this plate. Gage lines N—A and S—A were directly opposite eac! 
other, as were the remaining lines having similar designations. 
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IV. TESTING PROCEDURE 


The pedestals were tested in compression in the 10,000,000-pound 
pacity testing machine at the bureau. In order to simulate the 
nditions under which bridge pedestals are used, these specimens 
pre supported in the testing machine on concrete blocks, 3 feet 
inches long by 2 feet 8 inches wide by 18 inches high, which had 
enaged one month. The distance between the base of the pedestal 
nd the edge of the block was 6 inches at the sides and the ends. 


© - South end 
®@-North end 


























Gage line A Gage line B Gage line C 
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FiaurE 4.—Stresses in the lower plates of the pedestals 

















hese concrete blocks were centered on the lower platen of the 
esting machine and set in a bed of plaster of Paris. The pedestal 
vas then placed on top of the block in another bed of plaster of 
Paris and loaded through a steel bar 3 inches wide and having a 
Hength equal to the top length of the pedestal. Figure 5 shows 
pedestal 2 in the testing machine after test. 

A Whittemore fulcrum plate strain gage having a 2-inch gage 
length was used. This gage was provided with a Last Word dial, 
each division of which was 1/10,000 inch. Readings were estimated 
to 1/10 division. 
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V. RESULTS AND DISCUSSION OF THE TESTs 


1. STRESSES COMPUTED FROM THE LOAD edest 

The compressive stress in the pedestals at mid height for e, 
load was computed by resolving the load into two components acting 
parallel to the inclined plates. , 

Each component was, then, divided by the cross-sectional gy» 
of the inclined plate and the two outside stiffeners on one side of jj 
pedestal to obtain the stress. The nominal dimensions (given } 
fig. 1) of the inclined plates (P2 or P6) and the outside stiffen 
(P3) were used in computing the cross-sectional area. The ares ¢ 
the inside stiffeners (P4) was not included when computing the crox 
sectional area because it did not seem probable that it carried gy 
appreciable portion of the components of the load. A section pe. 
pendicular to the inclined plates was used in computing the ary 
These values of the stress are given in Table 1. 


TABLE 1.—Comparison of calculated stress from load with weighted average sir 
from strain readings 








Stress from 


: Strain readings 
Calculated : 


stress at an ae een 
mid height 


Pedestal | Pedests! 
Fl F2 





Lbs./in.2 Lbs./in.? 


Ee ee ee ee ek Lehr ee ee 5, 790 3, 900 | 
560,000 pounds.._--- bcm SAE | ee AS ee ee 11, 580 8, 800 | 
ee wa Va aa 14, 475 | 
840,000 pounds___- hail 7 = 4 acon — a 17, 370 17, 300 | 
1,120,000 pounds._.._._-_._-- Ss De 23, 160 | 1 30, 000 | 








1 Probably above the proportional limit and therefore an incorrect value for the stress, 


2. STRESSES COMPUTED FROM THE STRAIN READINGS 


The stresses in the pedestals at the gage lines on the inclined plate 
and the stiffeners were calculated from the deformation, by usi 
the formula: 


é 
S=7E 


where 

S'=stress, lbs./in.’. 

e=deformation, inch, indicated by the gage readings. 

l=gage length, 2 inches. 
and 

E=modulus of elasticity of the steel, assumed to be 30,000,000 

Ibs./in.’. 

As no coupon specimens of the material in these pedestals wer 
furnished, the interpretation of the strain readings is somewhat 
unsatisfactory. This formula does not apply for values of the stres 
above the proportional limit. As the proportional limits are not known 
for the plates in the pedestals, it is impossible to determine whether? 
the values of the stresses should be computed for the strains at the 
higher loads, Bociet 
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The calculation of the stresses in the other gage lines does not 

ppear to be practicable for a structure as complicated as these 

edestals. 

Figures 2, 3, and 4 show curves which have been plotted with the 

yad as ordinates and with the stresses in the gage lines, computed 
om the strain readings, as abscissas. The tensile stresses are plotted 
the right, and the compressive stresses to the left of the vertical 

xis of each diagram. 

(a) STRESSES AT MID HEIGHT 


A comparison of the average stresses at mid height in the inclined 
lates and in the stiffeners can be made from the values given in 
able 2. For pedestal F1, having large welds at the base of the 
clined plates, the stre sses in the inclined plates were practically 
qual to those in the stiffener plates, showing that 1 in this design the 
tress was approximately uniform in the compressive members of 
the pedestal. The stresses in the stiffeners of pedestal F2 were, 
however, for all loads, more than twice the stresses in the inclined 
plates. 
' It is evident that the load was distributed more uniformly in 
edestal F1, having closed single bevel T joints! between the inclined 
lates and the lower plate, than in pedestal F2, having the inclined 
Plates machined to fit the lower plate and secured by fillet welds on 
ne side. It seems probable that in other welded steel structures the 
ne having closed single bevel T joints would be more satisfactory 
ps well as cheaper than one in which the members were machined to 
t and held in position by a fillet weld on one side. 
To obtain an average compressive stress at mid height from the 
alues computed from the strain-gage readings, the stresses given in 
able 2 were used. The stress in the inclined plates for a given load 
vas multiplied by the ratio of the cross-sectional area of the inclined 
plates to the cross-sectional area of both the inclined plates and the 
outside stiffeners. The stress in the stiffeners was multiplied by the 
ratio of the cross-sectional area of the outside stiffeners to the cross- 
sectional area of both the inclined plates and the outside stiffeners. 
‘The sum of these results is given in Table 1 for both pedestals. 


‘TaBLE 2.—Comparison of average stress at mid height from strain readings in 
inclined plates and in stiffeners 





Average stress from strain readings 








n 


Inclined Inclined | Stiffeners 


plates ae 


| 
Pedestal F1 Pedestal F2 





: ./in. Lbs./in.2 
280,000 pounds 4, 350 | 3 3, 78 7, 650 
= pounds 9, 250 | y Be 9, | 18, 400 
‘ pounds : ; 26, 100 
840,000 ee ; (A 18, 300 13, 650 35, 100 
32, 700 29’ 800 | 2 59, 700 


s Probably above the proportion - limit and therefore an incorrect value for the stress. 


' Welding and Cutting, Nomenclature, Definitions, and Symbols, Nov. 19, 1929, American Welding 
Society, 33 West Thirty-ninth Street, New York, N. Y., paragraph 460, 2 27. 
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The log sheets, Tables 3 and 4, show that the inclined plate Po: 
pedestal F'/ scaled at 840,000 pounds and the inclined plate Py, 
pedestal F'2 at a higher load (1,120,000 pounds). Scaling is an jp: 
cation that the stress in the steel plate has exceeded the yielding 0 
of the material. 

As, however, the stress (17,370 lbs./in.) for the pedestal F/ unde 
load of 840,000 pounds agrees very closely with the other values: 
this load in Table 1, it is probable that the amount of materia) 
pedestal /1 which had reached the yield point was so small that ; 
error in this value is not appreciable. 


TABLE 3.—Log sheet for test of pedestal F1 








Load (in 


pounds) Remarks 





0 | Strain readings taken. 
280, 000 Do. 
560, 000 | Strain readings taken, some cracks heard. 
840,000 | Strain readings taken. Scaling on inside surface of P2. Scaling on outside surface of P? yy 
of E-T at upper part of plate. ; 
1, 120,000 | Strain readings taken. 
1, 400, 000 Do. 
1,680,000 | Strain readings taken on some. 
2,000,000 | Top plate visibly bowing down at mid length. 
2,119,000 | Weld along stiffener scaling. 
2,315,000 | Plates P2 visibly buckling. Also stiffener plates P3. 
2, 322,000 | Maximum load. Welds on diaphragm P4 broken at top. 











TABLE 4.—Log sheet for test of pedestal F2 








Load (in | 


pounds) | Remarks 





0 | Strain readings taken. 

280, 000 | Do. 

560, 000 | Do. 

700, 000 | Do. 

840, 000 Do. 
1, 120,000 | Strain readings taken. Scaling on top east plate Pé. 
1, 400,000 | Strain readings taken. 
1, 680, 000 Do. 
1, 960, 000 Do. 
2, 156,000 | Visible buckle in stiffener P3?. 
2, 260,000 | Top plate bowing down at center. 
2, 423, 000 | Maximum load. Welds on diaphragms 4 broken. 


The stresses computed from the strain-gage readings for the 1,12): 
000 pounds load, however, are, as was to be expected, much great’ 
than the stress computed from the load. 

The stresses (Table 1) in pedestal /'/ computed from the strain-gaz 
readings are somewhat lower than for pedestal #2 which was, in & 
probabity, due to the more uniform stress distribution in pedestal /! 

For pedestal F2 the stresses from strain-gage reading agree vel 
closely with the stresses computed from the load. 

If it is assumed that the stresses computed from the load approx 
mate the actual stresses, the agreement of the stresses from the strait: 
gage reading with these values is remarkable. It should be remet 
bered that these pedestals were fabricated from many comparative! 
small pieces and that the stress distribution is far from simple. lt 
evident that the strain gage is of value in studying the stress distr 
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7, rpr A ] tal J " . 
Ficure 5.—Pedestal F2 in the 10,000,000-pound capacity testing machine 
ajter lest 
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FIGURE 6.—WSide view of the pedestals after test 








ana: Stresses in Welded Steel Pedestals 


Hution in structures of this kind for which the usual methods of 
omputing the stresses In engineering structures do not give sufficiently 
Iaccurate results. 


(b) STRESSES NEAR TOP AND BOTTOM OF THE INCLINED PLATES 


The stresses in the horizontal gage lines, 7, near the top and B, 
ear the bottom of the inclined plates are shown in Figures 2 and 3 
Low loads appeared, to induce compressive stresses in the top gage 
Hines, but higher loads caused tensile stresses which rapidly inc reased 
eyond the proportional limit of the material. A similar tendency 
f as shown by the bottom gage lines, but the compressive stresses were 
Eouch less, and tensile stresses occurred at lower loads than was the 
rcase for the top of the plate. 


(c) STRESSES IN THE LOWER PLATE 


Figure 4 shows the stresses in the lower plate of the pedestal. The 
stresses were low in the gage lines A and C, which were directly 
low the inclined plates. Those in gage line B, at the center, were 
comparatively large tensile stresses, induced probably by the horizon- 
tal components of the forces exerted by the inclined plates and by 
bending of the lower plate. 


3. MAXIMUM LOAD AND DESCRIPTION OF FAILURE 


Tables 3 and 4 are copies of the log sheets for the tests. The 
maximum loads carried by the two pedestals, notwithstanding the 
differences in the stress distributions, were very nearly equal. The 
factor of safety for the design load of 350,000 pounds was 6.6 for 
pedestal J’ and 6.9 for pedestal /'2 

Figures 5 and 6 show that, at failure, the top plate had bowed 
downward at mid length, the stiffener plates were buckled, and the 
inclined plates were deformed so that the welds between them and 
the inside stiffener plates, P4 (fig. 1), were broken. The base plate 
was not visibly deformed, although the strain readings represented in 
Figure 4 showed that the material had been highly stressed at least 
al ng the longitudinal center line at the top of the plate. 

No strain measurements were taken on the top plate, and conse- 

quently the load necessary to cause dangerously high stresses in that 
slate are unknown. 


i 


VI. CONCLUSIONS 


1. The compressive tests of two electric arc welded steel pedestals 
for bridges, designed for a load of 350,000 pounds showed that the 
factor of safety was more than six. 

The stress distribution in the inclined plates (subjected to com- 
pressive forces) was more uniform in the pedestal! having closed single 
bevel T joints between the inclined plates and the lower (base) plate, 
then in the pedestal in which the members were machined to fit and 
held in position by a fillet weld on one side. 

3. The compressive stresses in the sides of the pedestal computed 
from the strain-gage readings were nearly the same as the stresses 
computed from the loads on the pedestals. 


WasHInGTON, July 7, 1930. 
11295°—30——3 
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THE X-RAY METHOD APPLIED TO A STUDY OF THE CON- 
STITUTION OF PORTLAND CEMENT 


By L. T. Brownmiller and R. H. Bogue 


ABSTRACT 


The X-ray diffraction method has been applied to a study of the constitution 
of Portland cement clinker. ; 

It has been found that 2CaO.SiO, and CaO combine to form 3CaO.SiO; and 
not a solid solution of 2CaO.SiO.+ CaO; that 8CaO.A1,03.2SiO.2 does not exist in 
Portland cement systems; that solid solutions are not formed between the 
aluminates and silicates of cement systems; and that free CaO is not present 
generally in commercial cements in amounts as great as 2.5 per cent. 

The limiting amounts were determined of each cement compound that could 
be identified by X-ray means as employed in this study. Twenty-eight commer- 
cial cement clinkers were subjected to X-ray examination and 3CaO.SiO, and 
s2CaO.SiO. were identified in each. 3CaO.Al,0;, 4CaO.Al,0O3.Fe,0; and MgO 
were found in the samples which contained those compounds, by calculation, in 
amounts great enough to permit identification. 
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I. INTRODUCTION 


The investigations by Rankin and Wright (1)! on the system 
(20-Al,0,-SiO, have shown that there are formed in that system, at 
equilibrium, in the region of Portland cement clinkers, 3Ca0O.Si0,, 
2VaQ.SiO2, and 3CaO.Al,0O3. More recently, other systems have been 
wlved (2), as a result of which the compounds that can be formed at 
equilibrium, in the region of Portland cement clinker, have been 
determined for the components CaO, Al,O,, SiO., Fe,O,, and MgO. 
These compounds are 3CaQ.SiO,, 2CaO.SiO., 3CaO.Al,0;, 4Ca0.- 
ALO, Fe,O3, and MgO. 

Portland cement clinker contains, in addition to the above men- 
tioned components, from 2 to 4 per cent of other material, as alkalies, 
litania, sulphates, manganese oxides, phosphates, etc. These may 
have some influence on the proportions of the above-mentioned 
compounds in the clinker, but it is improbable that they materially 
iiect the major constitution of the commercial product. 





_' The figures in parenthesis here and throughout the text relate to the reference figure in the bibliography 
4 ihe end of this paper. 3 
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The findings on the five-component system referred to are deducej 
from studies at the condition of equilibrium. The method used jy 
the manufacture of Portland cement leads to the belief that a cong. 
tion approaching equilibrium is attained in commercial clinker, 4 
failure completely to reach equilibrium, however, may result in th 
presence of some uncombined lime and a change in the relative Dro. 
portions of the other compounds, but rarely in the elimination of ox 
of those compounds with the formation of a different compound, 

Investigations (3) have been reported from this laboratory which 
confirm this viewpoint. The methods used in the study of pha 
equilibria, including thermal, microscopic, and X-ray examinations 
indicated that the major compounds of Portland cement clinker ay 
3CaQO.Si0,, B2CaO.Si0,, 3CaO.Al,0;, 4CaO.Al,0;.Fe,0;, and Mg, 

Many investigators, however, especially in Europe, have adhered tp 
theories of constitution developed prior to the application of the 
phase rule, or have advanced other views which are at variance with 
those expressed above. Prominent among these may be mentioned 
the view (4) that the lime, in excess of that necessary to form 
2CaQ.SiO, with the silica, enters essentially into solid solution wit) 
the 2CaO.Si0,; the contention (5) that 3CaO.SiO, does not exist and 
that the principal constituent of clinker is 8CaQO.A1,03.2Si0,; the 
opinion (6) that the 3CaO.Al,O; enters into solid solution with the 
calcium silicates; and the conclusion (7) that Portland cement clinker 
contains relatively large amounts of uncombined lime. 

The X-ray method is peculiarly well adapted to the examination of 
the above theories, both as they apply in pure systems and in com: 
mercial clinkers. This was one of the objectives of this research—to 
present X-ray evidence bearing directly on each of the above theories 
to the end that the nature of the compounds in the pure systems and 
in commercial cement clinker may become generally established. 

The second purpose of this study was to examine by X-ray and 
chemical means a large number of commercial clinkers to ascertain 
(1) precisely what compounds could be positively identified in each 
and (2) the nature of the agreement between such X-ray analysis and 
the constitution as computed from the chemical analysis. Incidental 
to this part of the work, it was necessary to determine the efficiency of 
the X-ray method to resolve the pattern of each compound in the 
presence of the other compounds of the cement. 


II. THE X-RAY METHOD 


The positive identification of a crystalline compound by the micro- 
scope should include the measurement of a number of the optical 
properties, such as the refractive indices, optic axial angle, pleo- 
chroism, etc.; but in the case of Portland cement it is not possible to 
obtain all of these data for each phase present. The crystals, even 
of the principal constituents, usually are very fine grained and often 
too small to permit of satisfactory measurements. Furthermore, the 
crystals often are surrounded with glass or contain inclusions. For 
these reasons the microscopic examination of these materials has not 
proved entirely satisfactory, and this condition has resulted in much 
difference of opinion in the interpretation of the available observa- 
tions. The X-ray method, therefore, fills a distinct need, for the 
results obtained with it are based on criteria which are convincing. 
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During recent years the powder X-ray method for identifying com- 
pounds in the pure state or in mixtures has received considerable 
attention and development (8). The theoretical considerations of 
this method have been described in various places (9). When a 
powdered material is subjected to X-radiation and the resulting spec- 
trum photographed, there is obtained an X-ray diffraction pattern 
consisting of a series of lines in definite positions which are ordinarily 
measured from a fixed zero point and recorded as ‘‘interplanar spac- 
ings” (dy). Each crystalline chemical compound has a charac- 
teristic diffraction pattern which appears always to be the same 
whether the compound is present in a pure state or intermixed with 
other compounds. Even different crystalline forms of the same com- 
position can be distinguished by the method; thus y— and B— 2CaO. 
SiO, have entirely different diffraction patterns (10). 
| The X-ray method has definite but well-understood limitations. 
Thus, a diffraction pattern depends on the arrangement of the atoms 
of a substance in crystal planes. Glass shows no such arrangement, 
and, hence, can not be detected by the method. 

In a mixture of two compounds, it often happens that some of the 
lines of one pattern coincide with some of the lines of the other pat- 
tern. Hence, the greater the number of compounds, the greater the 
probability of coincidence of lines. Nevertheless such coincidences 
Fcause differences in intensity of the resulting lines so that the identity 
of a pattern may not be entirely obscured. 

Of greater significance are the limitations due to the amount of a 
material present. As the quantity of one crystalline phase decreases, 
the general intensity of the pattern of that compound decreases. 
First the least intense lines of the pattern disappear and then the 
stronger lines until a certain minimum amount of the compound is 
reached when the strongest lines can no longer be observed. Under 
the most favorable conditions, quantities of material less than 2 or 3 
per cent of the total can rarely be identified. For the detection of 
such small amounts of material, the crystals should be well developed, 
possess a high order of symmetry and a simple structure, and give 
rise to lines which do not conflict with those of the patterns of the 
other materials present. Only infrequently are these conditions ful- 
filled, so that, ordinarily, greater amounts than those mentioned above 
are required for the recognition of a phase. 

The relative intensities of the lines as well as their positions are sig- 
nificant in the identification of compounds. If one line of a diffrac- 
tion pattern is twice as intense as another line of the same pattern, 
that relation obtains whether the compound is present in a pure state 
orina mixture. In a mixture of two compounds, the pattern of one 
is superimposed on that of the other; the general intensity of each 
pattern is diminished because of dilution by the other, but the rela- 
tive intensities of the lines of each pattern remain the same. 

Analysis of a sample of an unknown material, therefore, depends 
upon the recognition, by position and relative intensity, of the lines 
of the diffraction pattern of a pure material in that of the unknown 
sample. Hence, before any such analysis can be undertaken, the 
diffraction patterns of the pure compounds which may occur in the 
sample must be known. Such information has been published from 
this laboratory for most of the pure compounds which occur in the 
oxide systems of Portland cement (11). Recent improvements in 
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methods and purity of samples have resulted in somewhat moy 
precise measurement of the lines of the diffraction patterns and jy 
more complete diffraction data, but the interplanar spacings are no 
found to differ essentially from those reported previously. 

The apparatus used in this study was the X-ray diffraction phy. 
tometer of Hull equipped with a Coolidge molybdenum water-coolej 
target. The cassettes for holding the films were provided with 
zirconium oxide filters so that the effective wave length of the ray, 
was 0.712 A. U. The radius of the cassettes was 8 inches. Sing 
crystals of clinker are extremely small, the powder method of Deby 
and Hull (9) was found most suitable and was used exclusively 
these studies. By this method the samples of clinker are ground ty 
pass a No. 200 sieve and mounted in lead-free glass tubes of about 
0.5 mm. inside diameter. Occasionally the samples were mounted on 
a silk thread. To do so the finely ground clinker was mixed with 
collodion and the thread immersed. On withdrawing the thread 
sufficient material adhered to permit a satisfactory analysis. Exposur 
of a sample lasted 50 hours in most cases at a tube current of about 
18 milliamperes and a voltage of 30,000. 

Diffraction patterns were obtained of 28 samples of clinker, both 
domestic and foreign. For the complete analysis of any one sample, 
several exposures were necessary. Normal exposure of 50 hours was 
sufficient for the identification of most of the lines; occasionally, 
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however, overexposure and overdevelopment of the films wer qqU® 
resorted to for the strengthening of the weaker lines. On the othe I 
hand, underexposure and underdevelopment sometimes provided 3 
means for the resolution of two lines lying very close to each other, TI 
which lines ordinarily merged to form one broad band. In the M4 





identification of the patterns of various pure compounds in clinker 


: eg , equ 
a capillary tube was filled one half of its length with the samples of amt 





clinker and the other half with the compound to be identified. Thereby 
the patterns of the two were exactly opposite each other on the film 
and measurement of the lines became more precise, since then iregi- 
larities of two films were avoided. Altogether some 200 exposures 
were made in the course of this study. 

The precision of measurement of the interplanar spacing increases 


acce) 

een 
ilice 
prob 
aden: 
lata 













as the interplanar spacing decreases. It may be pointed out, however, Hs ¢} 
that weak lines are more difficult to estimate than stronger lines 0 MMjand 
that measurement in such cases may not be as accurate; often also Se 
they lie close to strong lines so that their true position may be mis Hoc, 
judged. Measurements were made on the centers of the lines, but in Roy ( 


some cases, where a line is broad, the precise allocation of the center 
is difficult. Many of these broad lines may be found, by special 
exposures, to consist of two lines. Where such lines occur in the 
patterns, the position of each component line is recorded in the 
following tables, together with the reading that ordinarily is obtained 
where the two lines appear as one broad band. . 

In order to determine the relative precision of the measurements 0! 
the interplanar spacings, 15 films of the diffraction pattern 0 
tricaclium aluminate were examined. Six lines in each film were 
measured. A summary of the results is given in Table 1. It may be 
noted that the difference between the extreme values, as measured, 
diminish from 0.020 at interplanar spacings of 2.690 to 0.004 at 
jnterplanar spacings of 1.202. The average deviations from the meal 
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og ue 

Brough the same range diminish from 0.004 to 0.001. This serves 
fo] e . . +. » . . 

5; a general indication of the precision of measurements in this study 

hut some variation may occur due to the differences in sharpness or 

Fiensity of the lines as above noted. 


1.—The precision of measurement of six lines in the X-ray diffraction 
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"T pattern of 8CaO.Al,03 
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Mifference between extreme values -----.--------------- 





Average deviation from mean é . 004 | .003 | .002 . 001 . 001 


The intensity of the lines was measured visually. This is the 
procedure commonly employed and is satisfactory for qualitative 
bservations. A photodensitometer (12) has been developed in 
his laboratory, however, for the more precise estimation of the 
itensities of the lines which will be employed in a later study on the 
ijuantitative X-ray determination of the compounds present. 


III. THE COMPOSITION 3Ca0+ SiO, 


The existence of 3CaO.SiO, in the CaQ-Al,0;-SiO, system (1) 
ind in Portland cement clinker (3) has been established by phase 
quilibria studies combined with microscopic examinations. A 
mumber of European investigators, however, have been unable to 
accept the existence of that compound (5), and the suggestion has 
een urged (4) that the lime enters into solid solution with dicalcium 
silicate. The evidence obtained by the X-ray method on_ this 
roblem is important because of the rigid nature of the criteria in 
identification of compounds in the X-ray diffraction patterns. These 
lata, set down below, offer impressive confirmation of the existence 
of the tricalcium silicate in the CaQ—Al,0;-SiO, system and in Port- 
jand cement clinker. 

Samples were prepared of the following compositions: No. 1, 
2Ca0+SiO,; No. 2, 245 CaO0+Si0,; No. 3, 2% CaO+SiO,; No. 4, 
2% CaO + SiO.; and No. 5, 3CaO+SiQ,. 

These were made from calcium carbonate and quartz of high purity 
as indicated by the partial analyses (13) of these materials given in 
Table 2. 

TaBLE 2.—Partial analyses of raw materials 
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The weighed portions of sample No. 1 (2CaO+Si0,), ground , 
pass completely through the No. 200 sieve, were mixed in a peb}j 
mill for 3 hours, then formed into bars about 10 inches long by 1 jing 
cross section and heated in an updraft gas furnace for 2'4 hours y 
1,500° C. The clinker was ground and a sample taken for mic. 
scopic and X-ray examination and for the free CaO test. The bg. 
ance of the sample was then mixed in the pebble mill as before wij 
an additional quantity of calcium carbonate to give the compositii, 
of No. 2 (24% CaO+SiO,), and the mixture again burned for 2% hoy 
at 1,500° C. This process was repeated with additional incremen; 
of calcium carbonate until all of the samples of the different compos. 
tions had been obtained. The free CaO test showed that no lin 
remained uncombined in any of the samples. 

Each of the samples was subjected to X-radiation and the diffry. 
tion patterns obtained. No. 1 showed only the pattern of y2CaO Si0, 
No. 2 showed the lines of a new pattern, which we will call 2, supe. 
imposed upon that of y2CaO.SiO,. In No. 3, the lines of y2CaOSi0, 
disappeared and were replaced by the pattern of the beta form of tha 
compound. ‘The pattern of x also was present, and in greater intensity 
than in No. 2. No. 4 showed the same pattern as No. 3 except thsi 
the lines of 82CaO.SiO, were weaker and the lines of x were stronge 
No. 5 showed only the pattern of z. In no case were the lines ¢ 
CaO observed nor was there found any shift in position of the ling 
of the dicalcium silicate nor of x following a change in composition 

The formation of a distinctive pattern when the composition 
3CaQ+SiO, is reached, together with the appearance and positia 
of this pattern in other mixtures, meets the requirements for assign. 
ing to that composition an identity as the chemical compound 
3CaO.Si0,. When larger amounts of CaO are present than repre. 
sented by the composition 3CaOQ+ SiO, the pattern of CaO is found 
to be superimposed upon that of the 3CaO.SiO,. Between the 
compositions 3CaQ0+Si02. and 2CaOQ+SiO, there always are ob- 
served the lines of 3CaO.SiO, and 6 or y 2CaO.SiO,. The intensities 
of the two patterns are proportional to the calculated amounts o! 
those compounds that should be present. When sufficient attention 
is given in the preparation to insure that a condition of equilibrium 
is reached, the lines of CaO are absent. The failure to observe any 
shift in position of the lines of those compounds when CaO is added 
indicates that no solid solution is formed or that the amount of such 
solution, if there is any at all, is too small to be detected. 

The principal interplanar spacings of the patterns of Cal, 
3CaO.Si02, and B2CaO.SiO, are listed in Table 3. 

An inspection of the data will show that the pattern of each is dis 
tinctive. There are, indeed, several lines which are found to be 
coincident in two or three of the patterns, but a sufficient dissim 
larity is found, both in position and intensity of lines, definitely to 
preclude any interpretation which would assign to tricalcium silicate 
the composition of a mixture or solid solution of the other two 
compounds. 

Recently Janecke (14) has interpreted X-ray data reported from 
this laboratory (10) as indicating that 3CaO.SiO, is a mixture 0 
62CaO.SiO, and CaO. In order the better to demonstrate that the 
pattern of 3CaQO.SiQ, is quite distinct from that of B2CaO.SiO, with 
CaO, X-ray diffraction photographs were made as follows: Oue 
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half of a capillary glass tube for exposure was filled with pure tri- 
calcium silicate; the other half was filled with an equimolar mixture 
of beta dicalcium silicate and calcium oxide. The resulting photo- 
oraph shows the patterns of the two materials on opposite sides of 
Fthe same film. X-ray diffraction patterns do not reproduce well for 
printing, but the reproduction shown in Figure 1 reveals the striking 
dissimilarity of the two patterns. The upper pattern is that of the 
mixture of 82CaO.SiO, and CaO. The lower pattern is that of pure 
3CaO.SiO2. It is at once apparent that 3CaO.SiO, is not composed 
of 82CaO.SiO, + CaO. 

' A careful measurement of the interplanar spacings shows that the 
mixture of B2CaO.SiO, and CaO gives a superimposed pattern of 
those two compounds. It conforms to a combination of the pat- 
terns of those compounds as listed in Tabel 3. The pattern of the 


» 


3CaO.SiO, is identical with that listed for 3CaO.SiO, in Table 3. 


TaBLE 3.—The principal interplanar spacings of CaO, 3CaO.SiO; and 82CaO.SiO,! 
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IV. THE COMPOSITION 8CaO+ Al,O; + 2SiO, 


In 1912 Jinecke (5) published his first paper setting forth }j 
discovery that the ‘“‘alite,” or principal compound of Portlan 
cement, consists of 8CaO.A],03.2SiO,._ This contribution was quickly 
refuted by Rankin and Wright (15), who pointed out that such a con, 
pound did not exist in the CaO- Al,0;-SiO, system and that a miy. 
ture of that composition at equilibrium consists of 3Ca0O.Sj0, 
2CaO.Si0O2, and 3CaO.Al,0;. The conclusion of Rankin and Wrigh; 
has been confirmed in this laboratory (16), but the existence ¢ 
8CaO.Al,03.2Si02, designated “Jiineckite,” (17) as the “alite” ¢ 
Portland cement clinker, has been reaffirmed by Janecke (18), 

The X-ray evidence upon which the opinion of this laboratory j 
based is set down below: 

The purported composition 8CaQ.Al,03.2SiO, was prepared (ii 
in the form of fused drops by the method described by Dyckerhof (4 
and found by microscopical examination to consist largely of th: 
elongated fiber-like crystals said to be characteristic of that com. 
pound. The drops were crushed and examined by the X-ray method 
At the same time a mechanical mixture of 3CaQO. Si02, B2Ca0.SiG, 
and 3CaQ.AI,O; in the same molecular proportion was subjected ty 
X-radiation. 

The X-ray data on these materials are given in Table 4, together 
with the pattern of CaO, which was found also to be present in the 
fused drops. 


























TABLE 4.—IJnterplanar spacings of the 8CaO+AlgOs+ 2SiO, preparations, mit- 
tures of 8CaO.Si0z, B2CaO.Si0z and 8CaO0.Al,03, and of CaO 
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NOTE: C3S8=3Ca0O.SiO2g; CoaS=2Ca0.S8ig0; C3A=3Ca0.Al203. 


The X-ray pattern of the fused drops is observea to be similar to 
the pattern of the mechanical mixture of 3CaO.SiO:, 62Ca0. S10), 
and 3CaQ.Al,0; except that a few additional lines appear in the 
former which may be noted to be due to free CaO. 
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Figure 1—Upper, pattern of equimolar mixture of 82CaO.SiO, and CaO. 


i 


Lower, pattern of pure 83Ca0.Si0, 








FiacureE 2.—Upper, mixture of 47 per cent 3CaO.Si0:, 47 per cent B2CaO.Si02, 


and 6 


per cent 3CaO.A1,0;. Lower, composition of same calculated content 


burned at 1,525° C. 








rigurE 3.—Upper, clinker burned at 1,435° C. which contains 2.8 per cent 
free CaO. Lower, clinker burned at 1,500° C. which contains 0.1 per cent 
free CaO 
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" Inarecent paper, Janecke (19) presents some information obtained 
| by the X-ray examination of the composition ‘‘8CaQ.Al1,03.SiO:.” 
' In the pattern of that composition Janecke reports that he finds the 
Piines of B2CaO.SiO2, 3CaQ.Al,0;, and CaO, together with a few 
additional lines which he ascribed to ‘‘Jéneckite.’”’ Unfortunately he 
makes no attempt at a comparison of those lines with the pattern of 
tricalcium silicate. 

From the evidence presented it appears that Jainecke’s compound 
© js a mixture of 3CaO.SiO2, 8B2CaO.SiO2, and 3CaO.AI,O; with a small 
> amount of CaQ. 


Vv. SOLID SOLUTIONS OF ALUMINATES IN SILICATES 


It has been reported (6) that 3CaO.SiO2 and 3CaOQ.Al,O; are capa- 
ble of entering into solid solution with each other and that they exist 
' as a solid solution in cement clinker. It is extremely difficult by 
| optical methods to identify positively small amounts of 3CaO.A1,O; 
F in the presence of 3CaO.SiO:. The indices of the two compounds (1) 
' are practically identical, 1.710 for 3CaO.Al,0; and a mean index of 
1.715 for 3CaO.SiO.. Moreover, in iron-containing systems, the 
index of 3CaO.Al,0O3 may be raised (2), so that its index may be the 
» same or somewhat higher than that of 3CaO.SiO.. And, although 
3CaO.SiO; is birefracting, yet its birefraction is so low that in small 
rains it may not be evident. Because of these difficulties, micro- 
scopical examinations have only seldom detected 3CaQ.Al,O3 in 
cements and theories, such as solid solution formation, have been 
advanced to explain this failure of positive identification. 

Although optical similarities made the microscopical examination 
unsatisfactory as a means for the identification of 3CaQ.Al,O; in 
the presence of 3CaO.SiO., distinct differences in the X-ray diffrac- 
tion patterns of those two compounds would appear to provide, 
in the X-ray method, a reliable means for such an identification. 
If the 3CaQ.Al,O, exists as such in a sintered mixture with 3Ca0.Si0, 
and 2CaQ.SiO., the X-ray diffraction patterns of the aluminate will 
be superimposed upon those of the other two compounds. But if 
the 3CaO.Al,O; enters into a solid solution with either of the calcium 
silicates, the pattern will show the lines of that silicate in a uni- 
formly shifted position with reference to the location they would 
occupy if the compound were in pure state. Likewise, if either 
silicate entered into solid solution with the aluminate, the pattern 
of the aluminate would occupy a shifted position. 

To study this problem, a sample of CaO, Al,O;, and SiO, was 
mixed to form a composition represented by 47 per cent 3CaQ.SiO,, 
| 47 per cent 2CaO.SiO,, and 6 per cent 3CaQO.Al,0;. This sample 
was burned at 1,500° C., reground, and burned at 1,525° C., follow- 
ing which treatment it showed no free lime by White’s test. A 
mechanical mixture of the pure compounds in the proportion 47 
per cent 3CaO.SiO,, 47 per cent $2CaO.SiO., and 6 per cent 
3CaQ.Al,0; was then made. These two samples were exposed to 
X-radiation on the same film, hence, under exactly the same con- 
| ditions. 

The two patterns shown in Figure 2 appear to be identical in 
every respect, both in the position and in the intensity of the lines. 
Each of the compounds was definitely identified. Very careful 
measurement revealed only such slight differences as would obtain 
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by repeated measurements on the same pattern. Several additions! 
comparisons of the same character were made on compositions 
containing up to 15 per cent of 3CaQ.Al,O;, but the results obtaing 
were similar to those just described. This demonstrates that th 
pattern of none of those compounds is shifted when sintered prepar. 
tions are obtained in the system CaQ-Al,O,-SiO, in compositions 
similar to Portland cement clinker. The experiment confirms ey. 
tensive tests that have been made in this laboratory on commercial 
and laboratory cements. In a great many of these, tricalciun 
aluminate has definitely been identified, but in none of them has 
there been observed any shift in the position of the patterns, either 
of the aluminate or the silicates. The data constitute convincing 
evidence that solid solutions are not formed between tricalciuy 
aluminate and either tri-or di-calcium silicate in amounts sufficient 
to be detected by X-ray means. 









VI. FREE LIME 


In a study reported from this laboratory (20), it was indicated 
that free CaO does not occur in Portland cements in amounts ex. 
ceeding 3 per cent, and that probably the content is generally less 
than 2 per cent. The method used for determining the free Ca( 
was the ammonium acetate method (21), the results of which were 
confirmed qualitatively by White’s (22) test. Nacken (7), however, 
has reported that commercial cements may contain significant 
amounts of fine-grained CaO as determined by the X-ray method. 

Nacken obtained his evidence for the presence of free CaO in 
cements from pinhole diffraction patterns. These diagrams consist 
of a series of concentric circles; identification of a compound is 
effected by the measurement of the diameters and relative intensities 
of the lines of the circles. 

As a matter of interest, pinhole photographs were made in this 
laboratory of a commercial clinker, 3CaQ.SiO, and CaO. 

The diameters of the circles and relative intensities are recorded 
in Table 5. 


TaBLE 5.—Pinhole X-ray data on a cement clinker, 3CaO.SiO, and CaO 
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An examination of these data show that there is no similarity 
between the patterns of CaO and cement clinker while the patterns 
of 3CaO.SiO, and this particular clinker correspond within the limit 
of accuracy by this method. No further studies were made with 
pinhole diagrams since the method described in this report is a devel- 
opment which gives far superior resolution of the lines from which 
measurements of greater accuracy may be obtained. 
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" Astudy was then made of the adaptability of the X-ray method for 
Widentifying CaO incements. A commercial raw mixture was obtained 
Pand burned at different temperatures. One portion, burned at 
© | 435° C. was found, by the ammonium acetate method, to contain 2.8 
i per cent of free CaO. Another portion, burned at 1,500° C. was 
{ound to contain 0.1 per cent of free CaO. ‘The chemical analysis of 
this clinker and the calculated composition (23) of the clinkers ob- 


4 


 iained at the two temperatures are given in Table 6. 


© Taste 6.—Chemical analysis and calculated compound composition of a clinker 
burned at 1,485° and 1,600°C. 


| 

Calculated composition at 1,435° C. | Calcvlated | 
| composi- | 
| tion at 
| 


| 
Chemical analysis | 





Oxides | Compounds Per cent 


| 3CaO.SiO2 
2CaQ.SiO2____--- 

|} 3CaO.Al2,03-__-- 

| 4CaO.Al203. Fe:O3_- 
! 


| Table 7 contains the X-ray diffraction data obtained on the two 
clinkers, together with the interplanar spacings and intensities of the 


B lines for CaO, 3CaO.Si0,, 8B2CaO.SiO, and 3CaO.Al,Os. 


TaBLE 7.—Interplanar spacings of diffraction patterns of a cement composition 
burned at two different temperatures, together with the interplanar spacings of the 
lines of 8CaO.Si102, B2CaO.SiO2, 8CaO.AlLO3; and CaO which may be observed 
when those compounds are present in mixtures approximating the composition of 
Portland cement clinker 
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It will be observed that the patterns of the two differently burnej 
samples are not identical. The points of difference lie in the lings 
which are characteristic of CaO. Lines 17, 23, and 29, which are 
found to be due to CaO and are not found in the pattern of any of th: 
other compounds, are present in the X-ray pattern of the materi| 
burned at 1,435° C., but are absent in the pattern of the sample 
burned at 1,500° C. Furthermore, the strength and breadth of lin 
No. 7 and the breadth of line No. 22 from the low-burned sample 
indicate that those lines are due to the strong corresponding lines of 
CaO rather than to the medium and weak corresponding lines of the 
62CaO.SiO, and 3CaO.SiO., respectively. These data show that 
the free CaO of the low-burned sample can be positively identified 
by this means. 

In Figure 3 the upper pattern is that of the clinker burned a § 
1,435° C., which contains 2.8 per cent uncombined CaO. The lower 
pattern is that of the sample burned nearly free of uncombined (a() 
at 1,500° C. Two lines show up prominently in the upper pattem 
that are very weak and absent, respectively, in the lower pattem, 
These are the lines No. 7 and 17 of Table 7. The other differences, 
noted on the original film, are not observable on the print. 

Many other examinations of a similar character indicate that the 
free CaO may be detected in cements when present to the extent of 
2.5 per cent. Of 28 commercial cements examined, however, the 
lines of free CaO have not been observed in a single case. This is 
convincing evidence that free CaO does not occur generally in modem 
rotary kiln clinkers in amounts as high as 2.5 per cent, and confirms 
the evidence obtained by chemical and microscopical tests. 





















VIT. LIMITING AMOUNTS REQUIRED FOR IDENTIFICA-. 
TION 


In order to determine the effect on the X-ray pattern of varying 
proportions of compounds, mixtures were made of the pure compounds 
which have been found to occur in cement. Thus a series of mix- 
tures was prepared which contained various proportions of 3CaO.Si0, 
and 82CaQ.Si0,, and the X-ray diffraction pattern obtained of each 
mixture. Other series in which 3CaO.Al,0;, 4CaO.Al,0;.Fe,0;, and 
MgO were added to the silicates were included. By a study of these 
films the minimum amount of each material which could be detected 
in the presence of the others was determined. Also an idea was 
obtained of the relative intensities of the lines. Thus in a mixture 
of 85 per cent 3CaO.SiO, and 15 per cent 2CaO.SiO., only the most 
intense lines of 2CaO.SiO, appear, whereas only the least intense 
lines of 3CaO.SiO, disappear. This series furnished a standard to 
which the films of commercial cements could be compared. 

An additional set of standard films was obtained from a series of 
laboratory cements prepared of various compositions from the pure 
components: CaO, Al,O;, SiO., Fe,O;, and MgO. It was felt that in 
mechanical mixtures of pure compounds, crystals are apt to be better 
developed than in sintered cement clinkers. In the latter, the crystals 
are very small and intimately mixed so that this series of burned mix- 
tures of known composition should furnish a set of standard films 
that more closely resemble the conditions met under commercial 
conditions. 
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© From these studies there was determined under the conditions of 
est, the minimum amount of one compound which could be detected 
$n the presence of the other compounds of the mixture. These results 
av be summarized as follows: 
It was found by the X-ray method that in the laboratory burns, 
29(1a0.SiO, could be identified definitely in the presence of 3CaO.Si0, 
nly when the amount of 62CaO.SiO, reached 15 per cent. This is 
‘due to the circumstances that the more intense lines of B2CaO.SiO,, 
Nwhich are the ones to appear when small amounts of 82CaO.Si0O, are 
present, nearly or quite coincide with lines of 3CaO.SiO,. Only when 
this minimum amount of 82CaO.Si0O, is reached do the weaker lines of 
"that compound appear whereby it may be identified and its presence 
‘confirmed. Under unfavorable conditions; for example, poor crys- 
© igllization, it is probable that greater amounts may be necessary 
‘for identification. 
' The amount of 3CaO.SiO, which can be identified in the presence 
Sof 82CaO.SiO., or in cement clinkers may be as low as 8 per cent. 
' Because of the high order of symmetry and relatively simple struc- 
‘ture of the crystals of CaO, MgO, and 3CaO.Al,0;, most of the lines 
‘in the patterns of these compounds are intense and, therefore, appear 
‘when only small percentages of those compounds are present. In 
mixtures of compounds approaching Portland cement clinker in com- 
‘position, the minimum amount of MgO which could be detected was 
» about 2.5 per cent; CaO about 2.5 per cent, and 3CaQ.Al,0; about 6 
F per cent. 
' 4Ca0.Al,03.Fe:O0;, like 82CaO.SiO,, gives a diffraction pattern con- 
taining only a few intense lines. And in cement like compositions 
these lines nearly or quite coincide with lines of the other compounds. 
Therefore, to identify this comopund, especially in the presence of 
3CaO.Al,0, or B2CaQ.SiO., the minimum amount required is about 
' 10 per cent in mixtures of the pure compounds and about 15 per cent 
in cement clinker. The larger amount required in clinkers may be 
due to poorer crystal formation; the combination of some of the 
' FeO, or Al,O; with alkalies or other minor constituents which can 
» not yet be evaluated in the calculations; or to the failure of some of 
the 4CaO.A1,03.Fe,O; to crystallize. Thus Hansen (24) has observed 
that the iron phase frequently remains as a glass in the presence of 
silicates. If 3CaQ.Al,O; is absent, or present only in sal amounts, 
' the quantity of 4CaQ.Al,0;.Fe,0; necessary for identification in 
clinkers is less than 15 per cent. 

To summarize, in laboratory clinkers, the following amounts of 
_ crystalline phase must ordinarily be present in order to be susceptible 
of Sioa by the X-ray diffraction method as employed in this 
study. 

” Per cent 

3CaO:SiO, 8 
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VIII. EXAMINATION OF COMMERCIAL CEMENT CLINKER 


Twenty-eight commercial clinkers were examined by the X-y 
diffraction method in the attempt definitely to identify the compoun, 
present in them and to correlate the results obtained by X-ny 
examination with the composition as calculated from chemical analy. 
sis. These clinkers represent a variety of types of raw material ani 
methods of manufacture, both domestic and foreign. 

Table 8 gives the chemical analyses of three of these commer 
clinkers, together with the compounds present as obtained by calc. 
lation (23). It should be pointed out that the status of equilibriyp 
is taken into consideration in the calculations by means of the valy 
obtained for the free CaO content. 














TABLE 8.—Chemical analyses and calculated compound composition of three con. 
mercial cement clinkers 


Chemical analysis Clinker | Clinker | ( linker 


No. 1 No. 2 No. 3 
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Table 9 gives the interplanar spacings and relative intensities oi 
the lines of the X-ray diffraction patterns of these clinkers, together 
with corresponding data for the compounds to which the lines may 


be assigned. In the diffraction patterns of the pure compounds, tlie 3¢ 
weakest lines are omitted, since such lines do not appear when the se 
concentrations of the compounds are of the order found to obtain in = 
cements. Complete diffracticn data on, these compounds have been of 


reported from this laboratory (11). 
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Wr asie 9.—Interplanar spacings of diffraction patierns of three commercial clinkers, 
together with the interplanar spacings of the lines of the cement compounds which 
may be observed when those compounds are present in amounts approximating the 


quantities predicted in Portland-cement clinker 
2 
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14 typographical error appeared in a previous publication (Am. J. Sci., 15, p. 225; 1928) in which the line 


2.100 ss for MgO was incorrectly listed 2.01 m. 







An examination of the diffraction data shows that there can be 
» identified in clinkers 1 and 2 the compounds 3CaO.Si0,, 82CaO.Si0,, 
© 3CaO.Al,0, and MgO. The compound 4Ca0.Al,0;.Fe,0;, present (by 
'calculation) to the extent of 8 and 7 per cent, respectively, was not 
| definitely identified in those two clinkers. 

In clinker No. 3, which contained (by calculation) 3 per cent of 

8CaQ.Al,03, 15 per cent of 4CaO.Al,0;.Fe,0;, and 0.6 per cent of MgO, 
; only the lines of 4CaO.Al,0,.Fe,0; were identified in the pattern in 
' addition to those of 3CaO.SiO, and 62CaO.SiO,. The low concentra- 

tion of the 3CaQ.Al,0; and MgO accounts for the absence of the lines 
| of those compounds in the pattern. 

These three clinkers were selected for detailed presentation because 
they are typical and represent rather widely varying compositions. 
| Twenty-five other commercial-cement clinkers were examined by this 

method. In all of them, without exception, 3CaO.SiO, and 82CaO.- 
| 0. were identified. Furthermore, the patterns of those two com- 
pounds were always the most prominent, indicating that they are the 
most abundant constituents of normal cement clinker. One or more 
| of the compounds 3CaQO.Al,0;, 4CaO.Al,0;.Fe,0,, or MgO were 
identified in most of the clinkers, but not all of these latter compounds 
were identified in all clinkers. As previously pointed out, the X-ray 
method fails to indicate the compounds when they are present in 
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amounts less than a certain minimum value. In no case, howeye 
has any inconsistency been observed between the computed COD 
stitution, due consideration always being given to the free CaO, an 
the X-ray observations although, to bring out the desired relation 
ships, special exposures and ‘developments have sometimes bee 
necessary. 

No one method of approach to the complicated problem of th 
constitution of Portland cement may be regarded, of itself, as alty, 
gether conclusive. The separation of the compounds from a fine} 
ground sample by methods based on differences in specific gravity 
probably can not be made complete because of the intimate inte. 
growth of the crystal phases. Microscopical examinations are satis 
factory when made on especially prepared laboratory clinkers, but th: 
fine structure and intergrowths of the constituents of commerci: 
clinkers make for difficulties in the interpretation of optical data wha 
applied directly to the commercial material. Calculations based 
the phase-rule interpretations of chemical analyses are open to th: 
criticism that the exact state of the equilibrium which obtains ani 
the effect of the minor components are not known precisely. () 
itself, the X-ray method also is inconclusive for it is not capabl: 
of detecting small amounts of a crystalline phase nor large amount 
of an amorphous composition. 

Taken together, however, the cogency of the data obtained }y 
phase equilibria, chemical, microscopical, and X-ray methods become 
profoundly impressive. There is in no case a conflict in interprets 
tion and, where one method fails, the other methods usually supply 
the information to complete the picture. It is especially noteworthy 
that the X-ray method can be applied directly to commercial clinker, 
The results obtained by it are not, to as large an extent as in phas 
equilibria studies, dependent upon a scientific deduction following 
established laws; but the confirmation of those deductions by the 
X-ray method, as also by the microscopical method, leads to increased 
confidence in the findings. 

The X-ray technique has not yet been developed to a degree wher 
the method may be employed for the quantitative estimation of the 
— present. This is a problem to be studied in the nea 

uture. 




































IX. SUMMARY 


The X-ray method has been applied in recent research to a study o! 
the compounds which may occur in Portland cement clinker. The 
present investigation is concerned with a number of subjects regarding 
the constitution of cement clinker and with the identification of th: 
compounds that occur in the commercial material. 

An examination of the composition 3CaQ+ SiO, has shown that 
3CaO.SiO, exists and can be formed by the heating together, under 
the proper conditions, of a properly proportioned mixture of lime an 
silica. It is shown, furthermore, that CaO does not enter into soll 
solution with 2Ca0. SiO, in appreciable amounts, but that com- 
positions ranging between 2CaQ+ SiO, and 3Ca0 + SiO,, properly 
heated, contain at equilibrium a mixture of 3CaO.SiO, and either > 
or 82Ca0.Si0>. 

A study of the composition 8CaO + Al,0O;+ 2Si0O, has shown that 4 
compound of that composition does not exist in the system 
























gue 


aO-2 
ixtul 
‘a0. 
aQ. 

A 
‘aO. 
ther 
he i 
Fre 

















A-ray 


dic a 


is d 


Rial cl 


Th 
etec 
psed | 








Th 
link 
nam 
and | 
labun 






were 





in m 
pour 
Tl 
agre 
mic! 


Tak 


pres 
{ ery’ 
ani¢ 


X-Ray Siudy of Portland Cement 829 


,0-Al,O3-SiO, nor in Portland cement. On the contrary, such a 
jixture, properly heated gives 3CaQ.SiO., 62CaOQ.SiO, and 

‘30. Al,0; and, if equilibrium is not complete, a small amount of 
20. 

‘A special examination of the system 3Ca0.Si0.-2CaO.Si0,-— 

30.Al,0; has shown that solid solution does not occur between 
sther of the above silicates and the aluminate in appreciable amounts. 
he mixtures at equilibrium contain only those three compounds.. 

Free CaO was not found in commercial cement clinkers by the 
Kray method. A study of the identification of that compound 
ndicates that a percentage of CaO of 2.5 could be recognized. Hence, 
is demonstrated that free CaO is not commonly present in commer- 
ial clinkers in amounts as high as 2.5 per cent. 
' The minimum amounts of the cement compounds that could be 
etected in controlled laboratory burns by the X-ray method, as 
ised in this study, were found to be as follows: 


3CaO.Si0, 

82CaO.Si0, ae | oe wee 2 Te eee oe ee Pe ee 
3CaO.Al,0; 

4Ca0.Al,03.F e203 


Per cent 


| The X-ray diffraction patterns of 28 commercial Portland cement 
clinkers, representing many types of raw material and processes of 
manufacture, both domestic and foreign, were obtained. 3CaQ.SiO, 
nd 62CaO.SiO, were identified in each as unquestionably the most 
abundant constituents; 3CaQ.Al,0;, 4CaQ.Al,0;.Fe,0;, and MgO 
were identified, separately or together, in most of the clinkers but, 


in many of them, the patterns of one or two of these latter com- 
pounds were not observed. 

The results obtained in this investigation by X-ray methods are in 
agreement with those obtained by phase equilibria, chemical and 
microscopical methods. Each supplements and confirms the other. 
rTaken together, the cogency of their findings becomes convincing. 
‘These findings define the major constitution of Portland cement 
iclinker. They indicate that the most abundant constituents are tri- 
rcalclum silicate and beta dicalcium silicate; that there are normally 
present, in addition, tricalcium aluminate, tetracalcium alumino 
ferrite and magnesia; and that free CaO is not normally present in 


amounts as great as 2.5 per cent. 
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PHOTO-IONIZATION OF CASIUM VAPOR BY ABSORP- 
, TION BETWEEN THE SERIES LINES 
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uy ABSTRACT 
4 

*. Measurements by the space-charge method have been made on photo-ionization 
Sesulting from a small continuous absorption between the series lines. Results 
re expressed in terms of relative sensitivity I (A)/I (3,200). At 0.064 mm pres- 
mire I (A)/I (3,200) increases from 0.0003 at 3,750 A to 0.07 at 3,250 A. I (A)/I 
73,200) increases roughly as the square root of the pressure throughout this 
Mrave-length range. On the short wave length side of 3,500 A the effect decreases 
With increasing temperature of the vapor, the effect being reduced to half for a 
70° rise in temperature. On the red side of 3,500 A there is little, if any, tem- 
Merature change. Results other than the temperature effect can be explained 
Pon the hypothesis that the absorption between lines is purely atomic as there is 
ome line absorption far from the line center. 

' However, the temperature variation indicates a molecular origin and leads 
) an estimate of 0.26 electron volts for the work of dissociation of Cs, Other 
Mresults can be qualitatively explained on the same hypothesis, 
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I. INTRODUCTION 


| Measurements of the photo-electric ionization of cesium vapor have 
shown that the photo-electric sensitivity is not limited to the region 
}of continuous absorption beyond the principal series limit at 3,184 A, 
| but extends far into the region of line absorption to 3,888 A. Spectral 
sensitivity curves of the ionization produced by a continuous spectrum 
dispersed by a monochromator show that most of this effect is in 
peaks at the positions of the absorption lines with a small back- 
ground between the lines. A recent paper by the authors gives a 
quantitative study of the ionization at the lines.'. The absorption 
responsible for the peaks is in narrow atomic lines of the order of 
























Mohler and Boeckner, B. S. Jour. Research, 5, July, 1930 (RP 186). For brevity we will refer to this 
paper simply by this number. 
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0.01 A wide and ionization depends upon the collision of the excity 
atom produced by line absorption with a normal cesium atom dir» 
the life of the excited state. The probability of such a collisin 
depends on the vapor pressure and is independent of the temperaty, 
Results support a theory of Franck’s that the excited atom gy 
normal atom can unite to form a molecule ion. 

The small background between peaks must be ascribed to a smjj 

absorption between lines. Published results indicate the magnity;, 
of this absorption, assuming that it is truly continuous. In paper \) 
186, Figure 4, curve 1 obtained in cesium vapor at 0.14 mm presgyp 
shows a background between the peaks at 3,612 and 3,477 A of aboy 
0.05 times the peak height. The effective width of the monochrop, 
ator slits was 40 A, while the absorption lines at this pressure gare 
nearly complete absorption over 0.04 A. Assuming an equal prob 
ability for ionization at the lines and between the lines, then th 
absorption exponent between lines must be about 5X 107°. At lowe 
pressures much higher sensitivity can be obtained and absorption ¢ 
less than 10~‘ of the incident light can readily be detected. Photo. 
ionization measurements offer the possibility of studying phenome 
far beyond the range of more direct methods, but an obvious limitation 
is set by the low resolving power of monochromators. This can | 
partly remedied by using in addition to the continuous spectrur 
selected line sources having isolated strong lines in the spectrum 
range involved. The mercury arc lines near 3,650 and 3,340 fulfil 
this requirement. Earlier work indicates some difference of opinion 
as to whether these lines give any effect. Foote and Mohler? give 

a curve showing a slight effect at 3,340 A while Little * observed 

sensitivities at 3,340 and 3,650 of 0.05 and 0.03 of the sensitivity « 

3,130 in saturated vapor at 166° C., but ascribed this to scattered 

light from the 3,130 line. In the following work relative sensitivities 

of about 0.006 and 0.003 are observed at this pressure which is not 
inconsistent with either of the earlier observations. 

The following experiments have been guided by the recognition o 
two possible origins for the absorption between lines. It may be 
purely atomic since the absorption in a line is not limited to the smal 
width commonly spoken of as the line width and the residual effect 
to be expected at 50 or more Angstroms from the line center may well 
be measureable by our methods. On the other hand, a small con- 
centration of cesium molecules may give rise to this background 
It will be seen that the experiments designed to distinguish between 
these two hypotheses lead to conflicting results. These experiments 
cover the spectral distribution of the background absorption and its 
variation with vapor pressure, temperature, and the addition of 
foreign gases. On the atomic hypothesis we would expect little tem- 
perature effect while the concentration of unstable molecules would 
change greatly. The theories lead to different laws for the variation 
with cesium pressure. In another paper the authors ‘* describe the 
modifications in ionization by line absorption produced by foreign 
gases. The gas modifies the ionization by its effect on the lives oi 
the excited states and the reduction of a peak height in the presence 
of nitrogen or hydrogen is characteristic of the excited state concerned 





2 Foote and Mohler, Phys. Rev., 26, p. 195; 1925. 
3 Little, Phys. Rev., 30, p. 109; 1927. 
* Mohler and Boeckner, B. S. Jour. Research, 5 (RP208); August, 1930. 
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similar reduction in the background near the peak would give evi- 
ence that the same exc ited state was involved. 


II. METHOD AND APPARATUS 
1. METHOD 


We have followed the experimental procedure described in earlier 
apers. lonization is detected by the neutralizing effect of positive 
ns on a thermionic current limited by electron space charge. The 
jark current is balanced out and the current change produced by 
adiation is measured on a sensitive galvanometer. A limit on the 
ttainable sensitivity is set by random fluctuations apparently pro- 
fuced by electro-magnetic disturbances of unknown origin and vari- 
ble magnitude. The ratio of current change to ion current ranges 
rom 10* to 10° depending on operating conditions. All observations 
onsist of relative measurements in terms of some standard wave 
ength near the series limit. These can be reduced to an absolute 
cale on the basis of published results.’ The absorption coefficient 
nr atom is 1.85X10~% for the 3,130 mercury line, 2.3 107" at 
1c limit, 3,184 A; and about the same at 3,200 A. 


2. THE SPACE CHARGE TUBE 


Various tubes used in this work follow the general design described 
before. A wire cathode is near the axis of a cylindrical anode which 
electrically incloses it, and light is admitted through a slit in the end 


bor side of the anode. The cesium is kept in a side tube, and in opera- 


tion the body of the tube and the side tube are heated by separate 
heaters so that the vapor pressure and temperature can be con- 
trolled independently. In one tube a third heater around the anode 


Schamber made it possible to heat this part of the tube far above the 
window temperature to avoid discoloring the window. 


3. LIGHT SOURCES 
A 400-watt Mazda projection lamp served as a continuous spectrum 
source. Figure 2 of paper No. 186 gives the spectral intensity dis- 
tribution in quanta per second obtained with our monochromatoyv. 


It increases about fortyfold in the range 3,150 to 3,800 A. 


A 120-volt quartz Uviare served as a mercury line source. To 
reduce scattered ultra-violet light a thick plate of pyrex glass was 
placed near the exit slit of the monochromator. By further reducing 
the 3,130 A light with wire screens of 6 per cent transmission, the 
effect of this line was made comparable with the 3,340 and 3,650 A 
lines. The resulting intensity ratio of 3,130 to 3,340 and. to 3,650 
was assumed to be 1 to 22 and 1 to 510. An inverted wu quartz are 
containing a mercury cadmium alloy gave the mercury 3,341 line 
and the unresolved lines 3,261 and 3,25 3 in the ratio of 2.5 to 1. 

The Bausch & Lomb monochromator with both slits, 0.1 mm wide 
gives a peak about 60 A wide at the base and nearly triangular in 
shape. Slits as small as 0.03 mm were used, but did not. give a 
proportional increase in resolving power because of imperfect 
adjustment. 


‘ Mohler and Boeckner, B. S. Jour. Research, 1 (RP3), p. 303; 1929. 
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III. RESULTS 
1. IONIZATION AS A FUNCTION OF WAVE LENGTH 





Figure 1 shows on a large scale the ionization between lines & 
observed with a Mazda lamp at a cesium pressure of about 0.06 Tn 
It is a composite curve made up of observations with different , 
widths. Table 1 gives values of the effect per unit radiation fy 
relative to the effect at 3,200 and to the line peaks and inclys 
values based on measurements with mercury and cadmium ling 
The small peak at 3,446 A falls within 1 A of the third principg 
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3800 3700 3600 3500 3400 3300 
A 
Figure 1.—Ionization as a function of wave length in Cs at 0.064 mm 
pressure 
On the scale of ordinates the effect at 3,200 A is 1. 








series doublet of potassium. It was relatively strong at high pressures 
and at higher temperatures. Our experiments do not set definite 
limits to the background except that on the red side of 3,888 it was 
too small to measure. i” 

In connection with the above, some absorption spectra obtained 
by Bevan in cesium vapor may be mentioned. These show that the 
absorption between the higher series lines remains small relative t0 
the atomic absorption at the limit even at much higher pressures 
than those used here.® 





¢ Bevan, Proc, Roy. Soc, A., 83, p. 421; 1910, 
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BLE 1.—Relative amounts of toni zation between absorption lines in cxsium at 
0.064 mm pressure 





| \ radia- do Cs ‘ 1 | s 
tion | lines I (A)/I (oe) | I )/I (3,200) | Source 


| 








0. 0053 0. 00027 Continuous. 
. 0065 . 00041 Do. 
. 0076 . 00054 Do. 
- eee . 00047 Hg are. 
. 030 . 0032 Continuous. 
. 087 . 0045 Do. 
. 09 . 0165 Do. 
. 035 Do. 
. 027 Hg arc. 
. 068 Hg-Cd are. 





$9 9 9 9 99 29 99 go 2 9 8 
ho th Ww ws J 





' Measurements with a continuous spectrum at various vapor 
pressures showed a marked increase with vapor pressure in the 
ackground relative to either 3,200 or to the peaks, but it was not 
pasible to get quantitative measurements over a wide pressure 
ange. 
' Much larger effects could be obtained with the 3,340 and 3,650 
Ines of the mercury arc. Figure 2 shows the spectral distribution 
{ ionization produced by mercury radiation passed through a 
Bate of glass to reduce scattered ultra-violet light. There are 
aks at the mercury lines and peaks at the cesium lines. The 
stter come from a continuous background in the arc radiation, and 
fhe former from continuous absorption in the cesium. The two 
Hiects are not completely resolved, but are readily separated 
aphically. 
Figure 3 gives some observed ratios of the effect at 3,340 and 3,650 
to that at 3,130 plotted against the square root of the pressure. 
me uncontrolled factor made it impossible to reproduce results 
the pressure variation within the range of precision suggested in 
ecurves of Figure 2. The absolute sensitivity ratio is obtained 
Vv multiplying ordinates of Figure 3 by 4.5107? for 3,340 and by 
0X10-° for 3,650. The change in continuous background with 
essure at other wave lengths is comparable with the change at 3 650 
nd 3.340. 
3. TEMPERATURE EFFECTS 


During the course of measurements of the pressure effect with the 
hercury are wide variations were found in the effect of the 3,340 line 
compared with 3,650. The cause was finally found to lie in a large 
mperature coefficient of the ionization by the former line and to 
e fact that the furnace temperature had not been kept constant 
om run to run. Measurement showed that the effect at 3,340 was 
tin half by a 70° rise in temperature. 

Figure 4 shows a plot of log TI (X)/I (3,130) against 1/T. The points 
t the higher temperatures were obtained by superheating the ioniza- 
on chamber while many of the lower points were obtained by 
hanging the temperature of the whole tube. 

Measurements with the cadmium mercury are were also made, 
ing the unresolved Cd lines 3,252 and 3,261, and the 3,341 mercury 





836 Bureau of Standards Journal of Research 


(Voi 


line. The lines at 3,260 and at 3,341 were found to show about the 
same temperature variation. 

By use of the Mazda lamp, it was possible to locate spectral lini: 
of the temperature effect. Figure 5 shows two spectral distributiy: 
curves obtained at 320° and 220°, the cesium pressure being ke; 
at 0.06 mm. The 3,650 A and 3 550 A regions are seen to have 
temperature effects, while at 3, 440 and 3 ,360, there are large effect: 








Current 








hy AX} 


3700 0o 3500 3400 3300 3200 


Ficgure 2.—Ionization produced by mercury arc radiation 


The two extreme peaks are at the position of mercury lines, the others at cesium 
lines 





somewhat smaller, however, than those obtained with the Hg ar 
in the same wave-length region. 


4. EFFECTS OF FOREIGN GASES 


Figure 6 shows plots of the background with 2 mm of nitrogen ant 
with no foreign gas in the space charge tube. The background # 
all wave lengths is quenched. Table 2 gives values of the quenching 
ratio for both the series lines and the background and it is seen the! 
they are approximately the same. 
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FiaureE 3.—Ilonization as a function of pressure 
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FiaurE 4.— Variation of ionization with temperature 
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The quenching of the effects of the 3,340 and 3,650 mercury ling 
was obtained with a tube that had developed a good deal of foreiy, . 
gas (probably H;) after sealing off from the pumps. It is seen homme We | 
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Fiaure 5.—Ionization of cesium vapor at 0.06 mm 
Full line and circles at 220° C.; broken lines and crosses at 320° ¢ 
also that the quenching for the background is about the same as {i 
the cxsium lines at 3,612 and 3,347 A. : 
Fru 
TaBLE 2.—Reduction of ionization by foreign gas. Ratio of effect with gas to efed 
without 
2mm OF NITROGEN ton 
Wav 
Background Lines to e 
Cae will 
Wave ee Wave — com 
length Ratio | length Ratio ther 
= seve 


3, 750 0. 21 3, 612 0. 18 


3, 700 . = 3, 477 - 20 
3, 430 3, 347 . 29 
3, 360 
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IV. DISCUSSION 


We shall consider two possible origins of the absorption between 
nes which give rise to the photo-ionization. One possibility is that 
vere are some cxesium molecules which have a nearly continuous 
background of absorption between lines. The other ‘possibility is 
Shat the absorption is purely atomic line absorption, for the absorp- 
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Fictvre 6.—Full line curve photo-ionization in pure cesium vapor. Broken 
curve with 2 mm of nitrogen added 





tion of each line actually extends over an indefinitely large range of 
Fave lengths. Both types of absorption are generally recognized 
| to exist. In the atomic case it seems safe to assume that ionization 
will result from absorption with the same probability as for light 
coine ident with the center of the line. For the molecular absorption 
| there is no a priori basis for predicting the efficiency of ionization and 
several mechanisms must be considered. 
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1. ATOMIC ABSORPTION BETWEEN LINES 


We shall assume ’ that the half widths of the lines are proportion; 
to the square root of the pressure and that the absorption far from jj, 
line is given by 

kA) A 

k (%) (Ado)? 
where k’s are absorption exponents and \ is the center of the liy 
while A is defined by 


k (N£A)=5 k (ma) 


Since A is proportional to p ® and k (\) A is proportional to pj 
follows from (1) that & (A) is proportional to p 3”. The measur 


relative ionization is 
LQ) _E 0) kQ) 
I 3,200) & (3,200) 


where £ is the efficiency of ionization. 

Since k (3,200) is proportional to p, the relative ionization will} 
proportional to H p”. E changes slowly with pressure above 0 
mm., so relative sensitivity will vary as p in accord with result 
shown in Figure 3. 

The 3,650 line is 33 A from the nearest cesium line and the 3,34! 
line is 5.9 A away. With absorption data from paper No. 186, with 
a pressure of 0.064 mm, equation (1) gives 


k (3,341) =1.X10-5 —k (3,650) = 1.1 107° 


Results of Table 1, with values of # from paper No. 186 in equation 
(2), give 





k (3,341) =4.8X10-° —k (3,650) =2.8X 107 


The discrepancy between the computations can, perhaps, be expected 
from the nature of the approximations. The observation that foreign 
gas reduces ionization at the lines and between the lines in about 
the same ratio supports the conclusion that the same mechanism 
involved. There is only one outstanding objection to the atom 
origin of this ionization, the fact that the ionization is reduced & 
high temperatures. 


2. IONIZATION CONSIDERED AS OF MOLECULAR ORIGIN 


We assume that the molecules giving rise to the absorption ar 
diatomic. They will exist in relatively low concentration which wil 
depend on the temperature and pressure according to familiar thermo 
dynamical relations. If m is the concentration of cesium atoms 
(proportional to vapor density), mn: the concentration of Cs, mole- 
cules, Q the heat of dissociation of the molecules at temperature / 
and K the equilibrium constant of the reaction, Cs +Cs= Cs», then 


eit lad Q (3 
log K= 2 3R 7t const (? 








7 Line widths at the vapor pressures used are determined by the cesium pressure. Experimental resu! 
(Waible, Zeits. f. Phys., 53, p. 459; 1929) support the square root relation for the half widths. The exper 
ments also give a basis for equation (1). 
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N2 
K-™ (4) 
{ we assume that I (3,130) is proportional to mn; and I (A) to na 
this assumes efficiency of ionization at \ is independent of density 
nd temperature), we see that the form of equation (3) accounts for 
he observed temperature variation of the ionization at 3,340. 
Fic. 4.) The slope of the line in Figure 4 gives a value for Q of 
96 electron volts. Results shown in Figure 5 indicate that all the 
ackground on the short wave-length side of 3,500 A can be ascribed 
o molecules with a similar value of Q while the background on the 
hed side of 3,500 has a much smaller temperature coefficient and, 
ence, must have a different origin. 
| Equation 2 shows that the relative concentrations of molecules 
,/m, is directly proportional to the pressure, while observations in 
‘igure 3 indicate that I (A)/I (3,130) varies more nearly as p ™”. 
here remains the possibility that the probability of ionization of 
the excited molecule changes with pressure. 
| The absolute magnitude of nz may be computed from relations 
similar to equation (3) based on statistical considerations.® For 
esium at 0.1 mm. pressure and at about 300° C., n2/n; lies between 
10° and 10~*, depending on the values used for Q and other constants. 

The estimates of 0.26 volt for the heat dissociation of Cs, and 0.7 
volt or more for Cs*, set certain limits to the regions in which photo- 
jonization is to be expected. The ionization potential of the atom is 
3.87 volts. The minimum ionization potential of the normal molecule 
Ns 3.87-0.7+ 0.26=3.43 volts (A=3,600 A) while the minimum 
ionization potentials leading to high vibration states of the ion will 
range to 3.87+0.26=4.13 volts (A=3,000). Excited neutral mole- 
cules which can spontaneously pass into the ion state can exist in the 
energy range 3.43 to 4.13 volts. The energy required to ionize a 
molecule in the normal electronic state, but in a high vibration state 
may be much as as 0.26 volt less than that required for the normal 
molecule so that the range of photosensitivity will extend to beyond 
3,800 A as observed. 

There is, however, an important difference between ionization on 
the red and violet side of the threshold (3,600 A) for the normal 
molecule. Photo-electric absorption on the violet side involves nor- 
mal molecules and will have a temperature coefficient appropriate 
to Q for the normal molecule. Photo-ionization by longer wave 
lengths depends on the concentration of molecules in high vibration 
states and will, therefore, have a much smaller temperature coeffi- 
cient. The experimental observations of Figure 5 conform roughly 
to this prediction though the dividing line between high and low 
temperature coefficients is near 3,500 instead of 3,600 A. 

There are at least three possible mechanisms for the photo-ioniza- 
tion process: (1) Direct transition by absorption into the ion state, 
(2) transition into a discrete state of the neutral molecule with energy 
greater than 3.4 volts followed by a spontaneous transition into a 
molecule ion state of the same energy, and (3) transition into a dis- 
soclated state giving an excited atom which becomes a molecule ion 
by a subsequent collision. The most probable transition is the one 


ee 


Fowler, Phil. Mag., 45, p. 1; 1923. 


J 
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which involves the least change in nuclear separation but this js py), 
known for cesium. 

The first and simplest process is ruled out by the fact that ionizatiy 
is diminished by the presence of a foreign gas. This implies thy 
some time must elapse between the absorption of radiation and th 
formation of an ion. Both the second and third processes inyoly; 
a time interval during which a collision may destroy the excite , 
state. The third process of ionization would give identic rally th 
same quenching by the foreign gas for the line peaks and for 1 the 
background, the second a similar but not identical quenching. Anoth 
er observation seems to favor the second mechanism. We have» 
ferred above to evidence that the probability of ionization of th 
excited molecule decreases with increasing vapor pressure. The x. 
sults suggest that cesium vapor, as well as other gases, may quen¢) 
ionization, and this is to be expected if the excited states are mole 
cular and not atomic. 

Whatever the nature of the ionization process may be, it must ly 
highly efficient. This follows from the fact that the observed ab 
sorption between the cesium lines is small compared to that at th 
limit while the ionization itself is an appreciable fraction of that x 
the limit. 

It may also be concluded that the absorption of the molecule s 
much greater than that of the atom, since the molecular ionization 
is comparable to the atomic even though the fraction of atoms ass 
ciated must be extremely small. 


3. CONCLUSION 


Our discussion has led to an apparent paradox. Phenomena ¢ 
ionization between lines can be explained by the assumption that the 
absorption is purely atomic except for the observed temperature 
variation of the ionization. The temperature variation clearly t- 
dicates a molecular origin of this ionization and all other phenomens 
are shown to be qualitatively in agreement with this. Results favor 
the hypothesis that absorption leads to a highly excited neutr: 
molecule which spontaneously passes to a state of the molecule ion 


WASHINGTON, June 17, 1930. 





EFFICIENCY OF PRODUCTION OF X RAYS 
By Warren W. Nicholas 


ABSTRACT 


ncy.—The various corrections necessary for an estimate of efficiency of 

E. of continuous spectrum X rays are carefully considered. These 

lude corrections for absorption (including absorption in the anticathode), 

tion of cathode rays at the focal spot, asymmetric spatial distribution of 

intensity, and allowance for characteristic ray energy. Applying these 

ns to some data by Rump, £, for a tungsten anticathode at a voltag 2 

is found to be 0.0039. Itis pointed out that #, can not yet be accurately 

<i for a wide range of voltage. Present knowledge of secondary processes 

‘d tubes is so limited as to make it inadvisable to attempt to use these 

an exact estimate of E,.. The bearing of the Thomson-Whiddington 

on the generation of X-ray energy is pointed out, and an explanation 

n for Ulrey’s results indicating a certain degree of periodicity in the depen- 
of efficiency on atomic number. 

ties.—It is shown, on the basis of Rump’s data, that the continuous 

intensity generated inside an anticathode and radiated at an angle 

h the cathode stream is proportional to V%/?, at least for tungsten and 

A general formula for the spectral intensity distribution of this 

nis given, as well as a means for estimating its variation with ¥; absorp- 

the anticathode is described quantitatively; the proportion of K char- 

tic rays for tungsten is found. ‘There is thus obtained a complete descrip- 


1 


f the intensities obtainable outside X-ray tubes for a wide range of :practical 
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I. INTRODUCTION 


ring some recent work for the International Critical Tables 

for the Smithsonian Physical Tables, the author had occasion 

eview critically the experimental work that has been done on the 

surement of the total energy in the X-ray continuous spec trum. 
a surprising range of values obt ained in this work. Especi 


ie recent measurement by Rump (1)?, who used what seems 





3s given in parentheses here and throughout the text relate to the list 


—30—5 
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to be the best method for measuring X-ray energy, is almost » 
per cent higher than the maximum value estimated ‘by Kulenkanys 
(2) from a careful consideration of all previous work with unresolye 
energy. A closer approximation than this is very desirable jj : 
no other reason than to check theoretical estimates of CONtINUN, 
spectrum energy (3). But also the X-ray continuous spectri im i 
often a very convenient standard source of X- ray energy; for exampk : 
it has been used recently by Webster (4) for an estim: rte of th 
absolute probability of K emission due to excitation by catho: 
rays. Further, it is only recently that a fairly complete conceptig 
has been obtained of the variation of X-ray intensity in differ 
directions relative to the cathode stream (5). Inasmuch as thi 
variation must be known in order to calculate the total energy emiti 
(which involves an integration over the whole sphere), it is of ) 
terest to apply the new results in an attempt to obtain a more satis 
factory estimate of efficiency than it has been possible to obti 
previously. 

For purposes of definition, let a hypothetical X-ray tube be iy. 
agined, the electrodes of which are maintained at a constantd. 
potential difference V, and the current 2 through which is all cami 
by the cathode rays. Suppose these cathode rays all enter the tar 
at the focal spot without “reflection”; this insures that all the en 
of the cathode rays is converted, in ‘the focal spot, either into ha 
energy or X-ray energy; that is 


Vi=H+Jd 


where H is the heat energy, and J the X-ray energy, generated pe 
second by the cathode rays within the focal spot in this hypothetied 
tube. 

The quantity J may be divided into several parts. One of thee 
parts, J-, is associated with the energy of the continuous spectru 
X rays, and the remaining parts, Jx, Jz, . + « , Fe associat 
with the various groups of characteristic rays AK, L, . 
respectively. Thus 


J=JI.+dx+dit 

By efficiency of production of X rays is here understood 
E=J([Vi 

by efficiency of production of continuous spectrum X rays 
E,=J./Vr 


and similarly, the efficiency of production of the ‘various groups 
characteristic rays, K, Ll, . . . ,may be defined as 


Ex=Jdk, Vi, Ey, — J,/Vi, ° ° e ’ 
respectively. The present paper will deal particularly with al 


estimation, from experiment, of /, for a tungsten anticatho 
although some data associated with Ex will be obtained aidentall ly 
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II. EXPERIMENTAL DIFFICULTIES 
1. LOSSES DUE TO STRAY CATHODE RAYS 


In practice, the simple conditions outlined above in connection 
‘th the “‘hypothetical’’ tube do not hold. With the actual X-ray 
e. the cathode rays do not convert all their energy into heat and 
rays at the focal spot, but due to a “reflection” ‘(either a single 
rve-angle deflection resulting from a close collision of a cathode ray 
‘th an atomic nucleus, or a succession of smaller deflections (6) 
any of the cathode rays leave the focal spot with a considerable 
action of their initial energy (7, 8, 9, 10). These ‘ ‘stray’’ rays 
av strike other parts of the tube (the walls, or parts of the anti- 
sthode remote from the focal spot) to generate “‘off-focus” X rays 
d heat. On this account, in the actual tube, the X ray and heat 
hergies generated per second at the focal spot are not J and H, but 
me quantities, say J’ and H’, where 


J’<J and H’<H 


Nuantities associated only with the focal spot in the actual X-ray 
be will be singly primed.) Similar considerations hold for the 
nantities J’,, J’,, etc., definitions of which are obvious from the 
ove. It may be pointed out that J—J’ and H—H’ are not measures 
the off-focus X ray and heat energies except for the particular case 
here all the stray cathode rays dissipate their energy in a material 
b which the efficiency of X-ray production is the same as for the 
baterial of the anticathode. The difference between J and J’ is 
tt at all negligible, this difference, with a tungsten anticathode, and 
tages of the order of 100 kv, being about 20 per cent of J (7, 8). 


2. SPECIAL DIFFICULTIES WITH GAS-FILLED TUBES 


In gas-filled tubes, some further complicating factors enter; it is 
esirable to discuss these factors at some length on account of the 
pct that so many estimates of efficiency have been based on work 
ith this type of tube, and any possibility of comparison of these 
timates with the present one should not be overlooked. The 
siderations discussed here are quite apart from the well-known 
ficulties of operation of gas-filled tubes, and deal rather with some 
mbiguities connected with the interpretation of data obtained with 
hese tubes. 
With gas-filled tubes, the current 7’’ (doubly primed quantities 
ill be associated with phenomena in gas-filled tubes) read on a 
hilliammeter in the tube circuit is not equal to the cathode ray current 
; this is on account of the fact that a very appreciable part of the 
ibe current i’’ is carried by positive ions. In the best work with 
hs se tubes, the current 7 is determined by measuring the amount of 
it 7’ generated in the anticathode. The true cathode ray current 
is then assumed to be H’’/V, and the efficiency E”’ is taken to be 
yi It remains to ascertain how closely this approximates the 
ue efficiency E=J/Vi=(approx.) J/H (since J is very small com- 
par * with H). 
The difficulties here are again due to the reflection of cathode rays 
rom the target surface, but there is a special uncertainty with gas- 
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filled tubes on account of not knowing where the stray X rays | 

produc ed; for example, if they were produced only on the anode sp. 

1s in a Coolidge tube, H’’ would include the heat energy produ 
he the stray cathode rays. However, as is well known, the rag 
the cathode rays in a vi ell-evacuated tube (Coolidge ‘tube) my 
eventually dissipate their energy in the anode is that the inner yy 
of the glass acquire a negative charge due to the accumulaticy 
stray cathode rays, and since the leakage is small, the walls quid 
acquire such a potential as will prevent ‘additional stray cathode ry 
striking them; this is evidenced by the absence of fluorescence on jj 
walls of the Coolidge tube. But in a gas tube the walls do not beeoy 
charged to the extent they do in the Coolidge tube; this is shown 
the fact that they continually exhibit a bright fluorescence, Thy; 
may be expected that, in a gas tube, an appreciable portion of i 
cathode rays strike the glass walls with high enough speeds to gu 
erate considerable X-ray energy and heat energy there. 

Now the effect of these conditions on the comparison of EF with 
may be illustrated by some special cases. Suppose first that 20 p 
cent, say, of the cathode rays are reflected from the target face w: 

their entire energy, and that they all go to the glass walls and « 

there. Then it is evident that J’ and H’’ will for this case b q 
per cent of J and H, respectively, and that #’’ will be equal t 

On the other hand, suppose the reflected cathode rays lose oi 
a negligible amount of energy in the glass walls, and that, due to th 
field between anode and walls, they are drawn back to the anodj 
striking it at such points as to contribute to H’’ but not to J”. 

this case /’’ will obviously be 80 per cent of FH. For the other extren 
suppose that a fraction a of the cathode rays first lose a portion 
of their energy in the focal spot, then reflect to the glass walls a 
stay there. Had these rays remained in the focal spot, they woul 
have generated there X-ray energy per second AJ=J—J” and hii 
energy AH=H-—H1"’ with an efficiency AJ/AH. This efficieng 
would have been less than the true efficiency J/H, since efficient 
decreases with decreasing cathode ray speed. Thus the loss to t 
anticathode of these slow-speed stray cathode rays increases 1) 


— . ’ J - AJ J . 
apparent efficiency (that 1s, #’’ = We AH yp ®® may be easily show 


For example, if a were 0.3 and 8 0.2, E’’ would be about 6 per ca 
greater than /. 

The actual processes occurring in gas-filled tubes are probably 
combination of the above. Cathode rays reflect from the focal sp 
with various portions of their original speeds, and partially char 
the walls of the tube. This allows only the faster rays to strike t 
walls; the slower ones are pulled back to the anode, striking, in gene! 


at points other than the focal spot. So far as the author is awalt 


ni 


no data is available for a quantitative estimate of these processes, 
therefore, an estimate of the true efficiency / from the appart 
efficiency #’’ obtained with gas filled tubes can not be relied upon! 
better than about 10 or 20 per cent of its value. Moreover, it woul 
seem very difficult to ever make a satisfactory estimate of the mal 


experimental errors introduced by these complications. In a Coolidi 


dont 
tead 
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ficholas] 


ube, on the other hand, the possibility of making satisfactory cor- 
ctions for the errors introduced by the reflection of cathode rays 
rom the focal spot seems much less remote. For in this case all the 

fected rays must eventually return to the anode without loss of 
a and the resulting X-ray energy generated there can be estimated. 
yrther, as mentioned above, the tube current as measured with a 
illiammeter is, with the hot filament tube, presumably a quantity 
hich can be interpreted without ambiguity. For these reasons, it 
ems preferable to base the present estimate of efficiency entirely on 
ork done with Coolidge tubes; specifically, the work by Rump (1) 
‘as chosen as being apparently the most satisfactory from the stand- 
int of the measurement of the X-ray energy, for the use of fairly 
teady voltages, and for the use of a range of voltage (40 to 150 kv) 
hich is of especial practical interest at present. 


3. LOSSES DUE TO ABSORPTION 


Jand J’ are associated, according to definition, with X-ray energy 
produced inside the anticathode; thus they can not be measured 
irectly, but must be calculated from quantities which are directly 
veasurable. In measurements of X-ray efficiency the quantity 
asured is an X-ray intensity g/’, the unresolved energy per second 
neident on some definite area A outside the tube. The slit system 
miting the beam to A usually also limits the registered intensity to 
ays which come from the focal spot; hence gJ’ must be associated with 
‘instead of J. Now the rays s reaching A must have passed through 
everal materials and lost thereto an appreciable fraction of their 
jitial energy. If I’ is defined as the unresolved intensity which 
ould have been registered at A had these various absorptions not 
becurred, then g represents that fraction of the initial energy which 
emains after the various absorptions have taken place. From present 
knowledge of absorption coefficients, the calculation of that part of g 
Jue to the walls of the tube, air path, etc., is perfectly straightforward 
suien the special energy distribution of gf’ is known. The calcula- 
ion of the part of g due to absorption in the anticathode is not so 
imple, however, since for an adequate estimate a knowledge is re- 
jured of the depths within the anticathode at which the various 
ave lengths are produced. It should be possible to calculate the 
lepths indirectly from data on cathode rays involving their losses of 
peed and deflections on entering the anticathode, together with 
mown laws of X-ray emission. The theoretical difficulties in such 
t calculation are, however, very great, and such data on cathode 
ays is not yet complete enough for general use. There is some direct 
xperimental data on the depths i in the anticathode at which X rays 
tre produced, but the data dealing with spectrally resolved rays is 
neager, and most of it is open to some doubt on account of polariza- 
ion considerations (9) and on account of complications introduced 
‘ the roughness of the target face. In view of the fact that the 
‘orrection for absorption in the anticathode is the one correction in 
ieasurements of X-ray efficiency which can not be readily evaluated, 
i becomes of prime importance to obtain for quantitative estimates 
! efficiency a satisfactory expression for this correction. 





848 Bureau of Standards Journal of Research 


The formula used in the present work for the correction for abson, 
tion in the anticathode is the following: 


t=k a =. ve ey! 


yng 


where = is the effective depth inside a target of atomic number Z; 
which frequency v in the continuous spectrum is produced, 2 bei 
measured in the direction in which the cathode beam strikes 
target face. V is the voltage applied to the tube, which also dete 
mines the frequency » of the quantum limit, 6 is the constant of tly 
Thomson-Whiddington-Bohr law in the form 


d(V?) _ 
dz 


e is the base of natural logarithms, and ¢ is a constant probably & 
pendent on the angle at “which the cathode rays strike the tare 
face. For the present case this angle was 45° to a close enough 
proximation; ? and since the X rays were taken off in the usual dir: 
tion, the effective path length the X rays must traverse in the ant 
cathode is also @  V is expressed in kilovolts; Z is in centimeters 
bis calculated from Terrill’s formula 6 = 40 X 10‘p where p is the d 
(in g-cm™~) of the anticathode material. The numerical value ; 
was taken to be 120; this seemed to agree quite satisfactorily with tl 
empirical data, as will be shown below. 

The derivation of the formula was based on the following consider 
tions: If the cathode rays penetrated the anticathode without bei 
deflected (or “diffused’’), the depth p (measured along the line « 
the cathode ray beam) to which they would penetrate would be giva 

72 


by the Thomson-Whiddington-Bohr law p= Other things bei 


=—)b 


equal, this law will be a measure, for different anticathodes, of tly 
depths to which the cathode rays penetrate in being reduced to ze 
speed. Thus it may be supposed that the mean depth p to which th 
cathode rays actually penetrate (that is, now taking account ( 
deflections) will be given by a law of the form 

wr 

= IZ, V) 


where f(Z,V) is a factor designed to reduce P to a fraction of p whit! 
is dependent on the extent of the deflections of the cathode rays. . 
should be noted now that the greater the total path length of t 
cathode rays in the material the more numerous the deflections alon ng 
the whole path. Accordingly, for very short paths (that is, for b 
initial speeds), the rays may be expected to be little deflec ted, | 
reach depths approximating p, whereas for long paths the fr: actidl 
p/p may be expected to become smaller, since the total number! 
deflections along the path has increased. Thus a form for Al 
is required which will become unity for very short path lengths, «! 
for long paths will gradually approach some other function j(Z;) 





? Actually, with the customary arrangement of electrodes, this angle is somewhat smaller than 45° 
ured from the normal to the t: arget face) for, as was pointed out by Webster and Hennings (11), the ¢é 
rays are deflected inside the tube to an extent dependent on the arrangement of the electrodes. 
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.h is a measure of the influence of deflections on penetration for 
e higher voltages. A form for f(Z,V) which fulfills these condi- 


ys 1S . —174 lad 
Pye (5) 


hic 


§ js large for short paths, and small for long paths, see below). Sub- 
‘uting in (4) we have for the mean depth of penetration 


pas 4Z, V) 1-ee} (6) 


Ithough the form 


j=C/VZ (7) 


18 s chosen to fit the X-ray data, it is interesting that, choosing the 

tant C=35 kv, this formula gives the order of magnitude of some 
ata a by Schonland (12) on cathode ray penetration, and for a very 
rge range of atomic number and voltage. From Schonland’s data 
ay be obtained the thickness of metal foil which “reflects” as many 
thode rays of a given voltage as it transmits. Half this thickness 
s taken to be the mean depth of penetration, for if the cathode 
ys are completely diffused (that i is, have random directions) by the 
me they reach this mean depth, then they have equal probabilities 
reaching the two surfaces of the foil. Considering the rough char- 
er of this approximation, the comparison with Schonland’s ; data in 
able 1 may be regarded as satisfactory. 


TABLE 1 





| p (eale) | p (obs) | Ratio 














Finally, the formula for p must be modified in such a manner as 
)deseribe the mean depth z of production of the X rays, which will 
epend on frequency v as well as on V and Z. First it may be 
inted out that the rays of very low frequency are produced by the 
athode rays all along their paths, according to well-known laws of 
hray emission (13, 9). Thus, p may be regarded as a measure of 

except that the latter quantity will be uniformly smaller than p. 
his condition was expressed by assuming that for low frequencies 
he formula for Z must approximate 


ke py (1 VY (8) 


hich is the same as the formula for Dp Te for a different numerical 
alue for the constant (the value adopted for k was such as to make 
fi about 3 for ordinary conditions, which is reasonable. The 
gher frequencies, however, must be produced at shallower depths, 

ce It is only in that part of their path for which the cathode rays 
tain a large fraction of their original speed (and consequently have 
hot penetrated so deeply) that they are allowed by quantum laws to 


MN) 
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produce the higher frequencies. For example, a frequency », eons 
sponding to a voltage V, which is near V, the voltage on the {yj 
can not be produced at a depth greater than 


i Ve 
b 

which is the depth to which a cathode ray can penetrate, accord 
to the Thomson-Whiddington-Bohr law and retain a speed sufficioy 
by quantum laws, to enable it to produce X rays of frequency 
When V—V, is small, the cathode rays will not have been much j 
flected before reac hing depth z; also, according to the laws of emissin 
they will have produce ‘ed X rays of frequenc y », with roughly unif 
intensity at all depths between zero and x. Thus for this sper 
case, as has been pointed out by Webster and Hennings (11), } 
mean depth approximates half of z, or 


V?-— Vv," 
2b 
and since (V— V,)<V for the case considered, (9) is approximate: | 
V(V— V,) 
b 
Thus the final formula for should approximate (8S) for low freques 
cies and (10) for high frequencies. The formula (2) adopted « 
this, since 


1—e-*—=z for r—0 


and 


v=, 


»  «+3V 

and gives a reasonable distribution of depths for the intermediat 
frequencies. Some numerical comparisons with experimental resi! 
are given in Table 2. The best data for the comparison is that 

Webster and Hennings; the calculated values agree excellently {v 
the higher voltages. The disagreement at the lower voltages : 
believed to be due to a difficulty with the experimental methoi 
since the experimental values for mean depth are greater than th 
maximum depths allowed by the Thomson-Whiddington-Bohr ls 
if the constant 6 is calculated according to Terrill’s formula. Au 
although 6 has not yet been obtained directly for molybdenum, ther 
is reason to believe that this formula will apply with good avers 
mation; these questions will be discussed in detail below. The ot! 

data, with the exc eption of the author’s, are for unresolved radix 
tion, and are probably complicated by the presence of characteris! 

rays. On account of fluorescent excitation, these rays have a mut! 
greater mean depth of production than the continuous radiation (14) 
for comparison with this data the value zero was used for 7 2 
formula (2), 
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TABLE 2 





Observer z (cale.) | z (obs.) | Ratio 


—— 


ono 


ho * bo 


| 


rm 


L. G. Davey (16)... 
W. 8. Bam: (17) ..... 


z 


} 


III. SPECTRAL ENERGY DISTRIBUTIONS 


The method used in the present work for an estimate of the factor 
above was to assume a spectral energy distribution for /’., apply the 
rious corrections for absorption to obtain gJ’,., and by comparing 
e latter with Rump’s experimentally measured g/’,, obtain an 
timate of I’. 

The spectral energy distribution of J’, (X-ray continuous spectrum 
tensity that would have been obtained at 90° with the cathode 
ream had there been no absorption of X rays in the anticathode, 
bbe walls, ete., compare above) was assumed to follow the formula 


(I’.) py =CZ[(m —v) + aZvo(1 — e716o—)/")] CEE) 


there Cis constant for any one voltage, but must show some variation 
mt voltage to make this formula consistent with the formula for 
resolved intensity J’. (12, below). a is a factor the dependence of 
hich on Z and V will be discussed below; the other quantities have 
ndefined above. This formula is similar to the well-known formula 
Kulenkampff (18) except for some modification of the second (and 
ss important) term inside the square brackets. The introduction 
the exponential factor is necessary to make the formula fit the 
servations in the region near the high frequency limit (13, 9); and the 
factor is necessary for a satisfactory description of the experimental 
sults at the higher voltages (9). Values of the factor a were taken 
om the curve drawn in Figure 1, which also contains experimenta! 
pues obtained by various workers. The rather large divergence of 
‘se experimental results is probably due to varying experimental 
nitions and different correction factors (9). The range of voltage 
most Importance for present purposes is from 40 to 60 kv; it is 
rtunate that in this range the values of @ would seem by short 
Ktrapolations not to be very discordant. Further, on account of the 
mparative unimportance of the term containing a (formula (11)), 
i final value of the efficiency does not depend to any great extent 
n the value of this term; for example, even if a were zero, the final 
alues for efficiency would be modified only about 10 per cent. Actu- 
Hy itis believed that the uncertainty in the estimated efficiency due 
)the uncertainty in a is only about 3 per cent. In Figure 2 is shown 
¢ Intensity distribution given by this formula for the continuous 
ectrum from tungsten at 100 kv. It should be pointed out that 
ie the formula postulates a continuation of the linear portion of the 
lrve to zero frequency, a measurement of the energy at very low 
«quencies is experimentally impossible on account of absorption. 
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However, there seems to be no reason at present, either experimenty|,) 
theoretical, to doubt this extrapolation. 

Knowing the spectral intensity distributions for radiation gener 
inside the “anticathode, the distributions obtained outside ge ant, 
cathode are readily obtained by use of the above formula for effect, 


depth of production, together with known absorption coefficients, Ty 


formulas below, which are equivalent to that given by Richtmye 
were used for the latter, for wave lengths shorter than the L critiy 
absorption limits: 


u= 4 (0.0136 Z'°+0.32 Z) .. Xe 


= 7] (0.0020 Z*A3 + 0.32 Z) . 2. Ae ASM, 


where yu is the absorption coefficient defined in the usual manne 
p is the density, Z the atomic number, and A the atomic weight 


0.0030: 
a 


aa VY 

O 30 1D 100 125 = KOK 
FicurE 1.—Values for the quantity a used in the formula for spectral 
intensity distribution 








xX Observations of Kulenkampff (18) for a range of atomic number (Z) from 13 to 78. 
A Webster and Hennings (13) on molybdenum (7= 42) 

O Webster (19) on platinum (7=78). 

+ Nicholas (9) on copper (Z= 29). 


the absorbing material. The upper formula applies to wave lens! 
(A) shorter than the K limit (Ax), and the lower to the region betwee 
the K and the LZ. For wave lengths longer than X,z,, w hich are real 


of no importance in the present esimate, the \° formula was used 
conjunction with some data by Allen taken from Compton’s “X rj 
and Electrons.” Also the spectral intensity distribution for any * 
sequent filtration is now readily calculated. The distribution (cu 
C) of Figure 2 is the spectrum obtained by Rump 1 in his calorimet 
according to present calculations; the filtration in tube walls, 

path, calorimeter walls, ete., w as closely equivalent to 1.25 

aluminum according to data giv en by Rump in his paper. The r# 


STL AIC (TV 
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rea under curve C)/(area under curve A) of Figure 2 is the factor g 
hove in case the measured radiation consists entirely of continuous 
ectrum rays. In the same manner, spectra can be drawn for different 
ibe voltages, the corrections for absorption carried through in the 
me way, and the value of g obtained as a function of the voltage 
pplied to the tube; the continuous curve of Figure 3 represents this 
ependence of g on voltage. It should be noted that g is simply a 
tio of intensities, and thus is independent of the actual amount of 
ergy produced or measured. 


hn 
me 
S 
KN 
= 





aeancensiue ge 


O 25 50 75 100 KV 
Figure 2.—Intensity distribution 


A, spectral intensity distribution in the continuous radiation from tungsten at 100 kv, as 
produced within the anticathode, according to formula (11). Plotted on a frequency scale, with 
frequencies expressed in equivalent excitation potentials. 

B, intensities outside the anticathode. 

C, same after passing through tube walls, etc., equivalent to 1.23 mm aluminum, 

The factor g of Figure 3 (full line) is the ratio (area under C)/(area under A). 


IV. VARIATION OF X-RAY INTENSITY WITH VOLTAGE 








Experimentally, Rump measured an amount of energy correspond- 
ing to gf’ and its variation with voltage. Knowing g we can thus 
‘alculate J’ from Rump’s results and determine its variation with 
‘oltage (V). It is usually accepted from the work at relatively high 
‘oltages that I’, is closely proportional to V* in the high voltage 
region, but in none of this work have corrections for absorption been 
80 carefully considered as at present. A neglect of absorption will 
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lead, in general, to too large an apparent value of the exponent, »; 
will not be surprising to find in the present work a somewhat lag 
rapid increase of J’, with voltage. At low voltages, Kulenksng 
has found that J’, increases somewhat less rapidly than V?, ¢ 
integration of his formula will show. At high voltages his form, 
would lead to a variation of I’, approaching proportionality with J: 
but it has been shown (9) that this formula can not be extended ;, 
higher voltages without modification. In the present work, ty 
calculations of J’, based on Rump’s data and the present values ;j 
g lead to a variation of J’, which is much more nearly proportiong| y 
V*? than to V? 


10| 
08 - 
06° 
04- 


02- 





0 





O 25 = 50 100 125 

Figure 3.—Comparison of Rump’s data (crosses) with calculations which 
assume tctal continuous spectrum intensity produced inside the tungster 
anticathode to be proportional not to V2 (as has usually been assumed) but 
to V8, and allowing for a considerable proportion of energy in the K char- 
acteristic rays 


The unbroken curve corresponds to the continuous radiation (see fig. 2) and the broken cur 
represents a correction for characteristic rays. Compare with Figure 4. 


I'.=KV®... (40 kvu< V<150 ko) 


It should be stressed that it can not be concluded from the pres! 
work that this formula has general validity; indeed the indication 
are that the formula predicts too much energy for the region of 10k. 
However, there can be little doubt that, for a tungsten anticathot 
and for voltages between 40 and 150 kv (and these are conditions ¢: 
comparatively great practical importance), the formula clos 
approximates actual conditions. The numerical value adopted for! 
was 0.043 where V is in kilovolts and J’. is in ergs/sec. cm? at a 
tance of 1 m from the focal spot, for 1 milliampere tube current. 
From formula (12) for J’, and from Rump’s experimentally mess 
ured values for gJ’ may be obtained values for the quantity g; thee 
values are plotted in Figure 3. The observed points agree well will 
the predicted curve below 69 kv, at which voltage the characters! 
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-s are produced. Above 69 kv the difference between the observed 
‘| calculated values may be regarded as a measure of the energy 
‘tained in the AX characteristic rays of tungsten. For example, it is 
licated in Figure 3 that at 140 kv nearly one-third of the energy 
tained in the calorimeter is due to / characteristic radiation. 
his is considered not to be unreasonable in view of some unpublished 
yk by the author (20) which indicated a considerable prominence 
the K lines from tungsten at high voltages. A rough check on the 
Sp ount of the characteristic radiation may be obtained by a use of the 
Bown fact that the characteristic ray energy increases approximately 
th (V— V,)° for voltages V which are not large in comparison with 
th excitation voltage Vo. The dotted line of Figure 3 was calculated 
the assumption that the intensity I’x of the K characteristic rays 
®bisined in the calorimeter followed the formula 


I’x=H(V—V,)* .. . (Voc V<150 ko) (13) 


Mere I] is 0.085 if V, Vo, and J’x are in the same units as were 

ised in formula (12). The agreement is considered very satisfac- 

Hory. It should be emphasized that the present methods are by 

mo means adequate to distinguish between the exponents 1.3 and 1.5; 

the former, however, seemed to be somewhat more satisfactory in 
| 


t 


1 
it 


Beure 3. It may also be noted that, while (Ag) KV*" gives the 
Mharacteristic ray intensity in the calorimeter (where Ag is the 
Miierence between the unbroken and the broken curves of fig. 3), 
Mo attempt is made here to obtain an expression for characteristic 
Tey energy generated inside the anticathode, which would involve 
@ estimation of the effective depth of production of the charac- 
istic radiation (see Section II, 3, above). 

In Figure 4 are plotted the experimental values of g which would 
sult if J’, were taken to be proportional to V*, as has usually been 
msumed, instead of V*?, The values for efficiency previously 
published by the author (21, 22) was based on the V? law, and it 
Ws believed at the time that the errors necessary to account for the 
Mconsistencies, which are, after all, not considerable for this type 
i! work, were due, perhaps, partly to experimental error and partly 
# insufficiently accurate formulas for spectral intensity distribution 
@.d absorption in the anticathode. However, it is believed that in 
mec present paper these estimates are made as satisfactorily as 
present experimental data will permit. It is readily seen in Figure 
# that below 69 kv the agreement with the calculated curve is not 
early so satisfactory as in Figure 3 where V*” was assumed, and 
lat also in Figure 4 there is obtained no indication of an adequate 
nount of characteristic ray intensity above the excitation potential 

69 kv. 

More confidence in the assumed spectral energy distributions and 
¢ proportion of characteristic ray energy (and thus in the V°” 
ssumption) may be gained by calculating the decrease of intensity 
uich should be observed for the addition of various thicknesses of 
opper filter, on which Rump obtained some measurements. The 
p curve of Figure 5 is identical with Figure 3; the other curves 





mm} 


6 disagreement with the observed value for 114 kv is probably due to a typographical error, of which 
Mm exist in Rump’s paper. This is borne out by the curves plotted in Figure 5, which show good 
iment with the calculations for this voltage when various filters are used. 


" 
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Figure 4.—Assuming continuous spectrum intensity proportional to 





Note that the agreement is not so good as in Figure 3 at low voltages, and that above the excitatiog 
potential (Vo) of the K lines there is not adequate allowance here for characteristic ray intensity, 
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Ficure 5.—Use of various thicknesses of copper filter—a test of the assumed 


spectral intensity distributions and proportion of characteristic ray inten- 
sity 
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Bo similar calculations, for filtrations of 0.1, 0.5, 1.0, and 2.0 mm 
Mopper. The irregular distribution of observed points (crosses) 
Tbout the calculated curves indicates that the disagreements are 
Grobably mostly due to experimental errors. However, this is 
Phot a very sensitive test, considering the experimental uncertainties, 
Mynd its value as a check on the assumptions must not be overestimated. 
"An estimate of its value as a check may be obtained from Figure 6, 
where Rump’s values for the intensity at 140 kv (effective) * are 
plotted. Curve A was calculated on the assumption that the radia- 
Mion at 140 kv consisted entirely of continuous spectrum, curve C 


> INTENSITY 
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Figure 6.—Absorption curve for the radiation at 140 kv 
A, calculated on assumption radiation all continuous rays. : ; 
B, assuming radiation after absorption in anticathode and the equivalent of 1.23 mm aluminum 
is one-third characteristic rays and two-thirds continuous. 
C, assuming radiation entirely characteristic rays. 


assumed the radiation to be all AK characteristic rays, and curve B 
assumed a proportion of two-thirds continuous rays and one-third 
characteristic, for the radiation reaching the calorimeter with no 
copper filter. 


V. INTENSITIES IN DIFFERENT DIRECTIONS 
In previous estimates of efficiency it has usually been assumed 
that the X-ray energy produced inside the anticathode is radiated 
equally in all directions. It is well known that this is not actually 


‘Due to the limited capacity of the condensers in the filter system used by Rump, the voltage varied 
vetween limits which were about 7 per cent from the mean at 140 kv. 
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the case, but on account of a lack of experimental work for ¢), 
various directions, and especially the impossibility, on account 
absorption in the target, of ever measuring the energy which ; 
emitted in one hemisphere (that is, into the t target), no adequat 
basis has been available for a better estimate. How ever, on accom 
of the recent work on thin targets, a satisfactory method of maj 
these corrections seems now to be available. 

As previously pointed out (5), a thick target spectrum may | 
regarded roughly as being composed of two parts (A) a part simi 
io a thin target spectrum and showing the same kind of variatiny 
with direction relative to the cathode stream, and (B) a part due; 
completely diffused cathode rays, which, therefore, shows no varjy. 
tion with direction. On this basis it was shown that the variati 
with direction of the thick target spectrum may be described | 
permitting the constant a of formula (11) to vary with directio: 





































0.00 








0.001 4 








Fiaure 7.—Calculations used for correcting for variation of X-ray intensily 
with direction relative to the cathode stream 





The variation of @ is not expected to be capable of being predict 
solely from the thin target work, however, on account, of the | 

that part A is considerably contributed to by cathode rays that 

partly diffused. It is unfortunate, therefore, that data on tung: 

, not available to guide the assumption about the quantitative vai 
tion of a. However due to the minor importance of the correctioi 
the variation may be guided with sufficient accuracy for preset 
purposes by the author ’s work on copper (9), and a more satisfactom 
correction can be made directly data on tungsten become availabl 
\t 40 kv, the highest voltage at which the above-mentioned work i 
liable. the values thus selected for a for ~=36°, 90°, and | 

(WY being the angle between cathode beam and measured X rays 
were 0.0030, 0.0024, and ee rite respectively; these valurs al 
plotted in Figure 7 (crosses). Curve B of Figure 7 was selected !0 
ihe continuous variation of a with y; this selection was partly guide 
by curve A, which is the variation of intensity with y (but plotte: 
here with a different zero of intensity) observed by Kulenkamp’ 
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3) at 38 kv for a thin target of aluminum (it is indicated in some 
ork by the author (5) that a similar variation holds for heavier 
ements). Curve B, being contributed to by partially diffused cath- 
ie rays, is chosen with broader maxima and minima than curve A. 
urve D is proportional to sin ¥, and curve C is proportional to the 
oduct of sin y and curve B. These curves will be of use below. 


VI. EFFICIENCY OF X-RAY PRODUCTION 


I{ X-ray intensity were independent of the direction of emission, 
nd if there were no complications due to reflection of cathode rays 
Bom the focal spot, the efficiency of production of continuous spec- 
Brum N rays would be calculable directly from formula (12) as 
Mollows: The total amount of continuous spectrum X-ray energy 
piven , out over the whole sphere would be 


4n X 100? X 0.043 V*? 1=5,400 V°? ¢ ergs/see. 


ere V is in kilovolts and 7 is tube current in milliamperes. Using 
same units, the energy supplied to the tube is 


10° V 7 ergs/sec. 


_ of these two quantities may be termed the “apparent 
ciency” for the continuous radiation; that is, 


Sasi efficiency = 540 107° Vi ... (Z=74); (40 klu<cV< 150 kr) 
(14) 


this is the quantity which is of importance in practical work, since 
it is a measure of the intensity obtainable for the experimental 
arrangement which is usually used. 

The quantity of importance theoretically, in that it is a measure 
of the amount of continuous spectrum energy (/.) radiated in all 
dit ections in the hypothetic al tube described in Section 7, may be 

| the ‘‘true efficiency” (Z,); this has been defined above as J,/Vi 
iz E., which should be compared with calculations such as those 

{ramers (3) and Neunhoffer (24). To obtain /, two further cor- 
Frections are necessary: (1) Integration of intensities for all directions, 
Fand (2) allowance for reflection of cathode rays at the target face. 
7On account of the small magnitude of each of the corrections, the 
Porder of making them is inconsequential. 
| The integration for the various directions may be carried out 
Fxccording to the formula 


[rw sin y dy 
J0 


‘the factor sin y is introduced on account of the fact that 1’, is 

‘nsity per unit solid angle instead of a quantity of energy per 

Now J’, (W) may be regarded as being composed of two 

parts, f’ and I’ 2, which correspond to the two terms on the right- 
and side of formula (11); that is 


Dl’ 3 =CZ(v, 


U’ 0 == CZ20y (1 — 678 oie) a (p) 
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(Primed quantities are used in order to be consistent with the defn, 
tions in Section II, in which energies associated with the focal SD 
were denoted by primed quantities.) According to Section. y 
I’. does not vary with y, but J’. does on account of the variation 
a with y. Accordingly, the integral (15) becomes \ 


I“ ‘sin yay+ {7 2 sin ydy=2I’ at {7 2 sin ydy (1 


Now the calculation of the apparent efficiency (formula (14)) yy 
really equivalent to integrating equation (16) with a constant Vall 
of I’. equal to the value (1’2)ooe observed for this quantity 
y=90°; the integral would then turn out to be 


2 D’at2 (L’c2)oo (1 


Ai 


and the factor by which the apparent efficiency must be correcty/ 
to allow for the variation of intensity with y is the ratio (16) to (17 
In evaluating this ratio, it may be noted that J’ e1/(L’ ¢2)oo° may | 

obtained from an integration of formula (11), and that 2 (T's ‘ 


{. I’ 2 sin Wdy is the ratio of areas under curves D and C of Figw 
0 : 


7. It turns out that the correction factor for 40 kv is 0.91. 

Finally we consider the correction for reflection of cathode ray 
from the t target face. Unfortunately, this effect has been only i: 
completely inv estigated, and apparently the best that can be done ai 
a correction for the effect is to suppose, as Rump did, that 20 per cen 
of the total X-ray energy becomes “‘off-focus” radiation. Coolide 
(7) has estimated the amount of radiation coming from the ba 
of the target to be about one-ninth of the radiation from the foc 
spot, and allowing for both front and back of target and stem, t! 
seems a reasonable correction. Thus we find the efficiency £, | 
production of continuous spectrum X rays in tungsten at 40 kvt 
be 


E,=0.91 X 1.25 X 540 X 10-° X 40! = 0.00389 . . (V=40kv); (Z=74 


On account of a lack of knowledge of the variation of intensity wit! 
y for voltages higher than 40 kv, not much can be said at presen! 
about the value of EF for other voltages. However, on account ¢! 
the increasing concentration of intensity in the forward angle 
(values of y less than 90°) for higher voltages, the total continuots 
spectrum energy J, may be expected to increase somewhat fast 
than V*2, Supposing it to increase proportional to V*, making th 
efficiency proportional to V, and assuming /, proportional to Z (| 


is usually accepted), we should have for the efficiency, using the val I 


just found at 40 kv to determine the constant, 
E.=13X1077 ZV (13 


where V is in kilovolts. Rump’s value (1) for the constant in this 
formula was about 15107’; Kulenkampff’s values (2) wer 
(9.5 4 3)X10-’, based on his own work with resolved radiation « 

to 12 kv, and (8+2)x10-7, based on other work with unresolvet 
radiation; Kramers (3) obtained 9.2 x 1077 from a theoretical calcul- 


tion of the radiation from electrons in hyperbolic orbits. 
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II. EFFICIENCY AND THE THOMSON-WHIDDINGTON 
CONSTANT 


| It appears not to be generally appreciated that the X-ray energy 
Mbenerated by cathode rays in penetrating matter is dependent on the 
Falue of the constant 6 in the Thomson-Whiddington-Bohr law 
equation (3)). This fact follows at once from an analysis by Webster 
25), and may also be shown as follows: According to current theory, 
 , cathode ray can generate an X ray only when it has a close encounter 
vith an atomic nucleus; that is, when the path of the cathode ray as 
it approaches an atom is such that an extension of this path lies within 
e, certain small area 7 surrounding the nucleus. The probability 
Mthat a cathode ray will have one of these close encounters in a path 
Nength dz is 

: tNdx 


where N is the number of atoms per unit volume. Or, utilizing equa- 
‘tion (3) above, the probability of a close encounter while the cathode 
Fray is losing an amount of speed corresponding to dV (kilovolts) is 


27NVdV 


b 


' Thus, if the constant 6 could be made smaller for an X-ray anticathode 
© (strictly b/N must be made smaller) the cathode rays would penetrate 
Sa great number of atoms before being slowed by a given amount, the 
total number of close encounters with nuclei would be increased, and 
‘the number of X-ray quanta generated would be greater. Such a 
ichange of 6/N (but in any case probably only a very small change) 
;may be readily imagined to be associated with a change of crystal 
i structure for example. 

The above conception has some interesting applications. It is 
generally accepted that the intensity of continuous spectrum X rays 
; obtained from various anticathodes increases regularly with the atomic 
; number (Z) of the material of the anticathode, being approximately 
‘proportional to Z. Ulrey’s experimental results (26), however, 

indicated that the intensity did not increase regularly, but showed 
small periodic fluctuations correlating with the periodic variation of 
chemical properties; these fluctuations have often been thought to 
be due to some kind of experimental error. If the production of 
X-ray energy were simply dependent on the collisions between cathode 
rays and nuclei, there abies indeed, be no basis for assuming any pe- 
riodicity here, since the electrical properties of the region immediately 
surrounding the nucleus of atoms should increase in a regular man- 
ner with atomic number. However, since the X-ray energy generated 
is indirectly influenced by 6/N, any atomic property which influences 
the magnitude of b/N may also influence the X-ray energy. Now 
b/N is a measure of the energy lost by the cathode rays in passing 
through the material; this energy is used chiefly to ionize and excite 
the outer energy levels of the atoms, and depends to a considerable 
extent not only on the number of loosely bound electrons in the atoms, 
but also on their energy of binding. As is well known, this energy of 
binding does not increase regularly with atomic number, but shows a 
periodic variation coinciding with the periodic variation of chemical 
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properties ; for example, the valence electrons of the alkalies and alk); 


earths are much less firmly bound than the outer electrons of the hs, 


gens. Thus asmall periodic variation with atomic number, such gsy 
observed by U lrey, may be expected for the X-ray intensity obtain, 
from various anticathodes. It is interesting in this connection { 
a comparison (2) of Ulrey’s with Kaye’s (27) “results indicates thats 
two pieces of work, whic -h were done under entirely different conditiy 
are in agreement as to the position and magnitude of these variatioy 
[t may be remarked incidentally that, as is obvious from the gh 
discussion, a measurement of the X-ray intensity from a material ny 
be used for an indirect determination of the Thomson-Whidding: 
constant b. Nowthe value of } has been determined by direct meth 
for only a very few elements (on account of the requirement that ¢ 
element be capable of being rolled or beaten into very thin foils) » 
these have of necessity been in only certain chemical groups. Hn 
ever, the X-ray emission has been measured from a comparatiy 
large number of ele ments, covering other chemical groups. The! ? 
that the X- -ray emission from all these elements has shown only # 
minor irregularities noted above is adequate evidence that b/N ¥ 
show, with varying atomic number, only corresponding minor {i 
tuations. This was the basis, in Section IT, 3, above for not questi 
ing the application to molybdenum and tungsten of Terrill’s formu 
for 6, although 6 has not yet been observed directly for these elemer 
The relation between X- -ray intensities and the quantity b also by 
application to the anomaly mentioned above (Sec. I, 3) with revs 
to the observations of Webster and Hennings on the effective di 
of production (%) of continuous spectrum X rays. Their meti 
depends on the measurement of the discontinuity in the continu 
spectrum from an anticathode, the discontinuity being observed ¢ 
a critical absorption frequency (v,) of the target material. As the 
pointed out, in order to deduce #, it must be assumed that the co 
tinuous spectrum as emitted has no discontinuity at »,; that is, th 
the entire observed discontinuity must be due to the absorption 
the rays in their path through the target material. Now there « 
several conceivable ways of producing just such a discontinuity ” ' 
to the absorption along the path: One possibility is a process (sor 
what similar to Auge r’s compound photoelectric effect. (28) wi 
fluorescent rays) in which the continuous spec trum quanta may he 
an especially high probability of being absorbed in the atoms with: 
which they are produced. Another possibility i is that 6 may under 
a sudden change for cathode ray speeds which will just excite Smee 
v,; Schonland (29) has speculated on the possibility of such a chang 
and has searched for it experimentally, but under such conditions 
would probably not have allowed the detection of so small a chanz 


as is necessary to explain the present anomaly. The reason ‘* 


renewing the discussion of the point at the present time is, of cour 


to justify the use of the formula for proposed above. However, 


seems also that such a change in b would have some very fundaments 





5 The above considerations are entirely apart from the fact that Terrill’s formula must itself intro? 
into 6 some small irregularities which are due to the fact that atomic weight is not a perfectly regular fur 
of atomic number. From a theoretical standpoint, a more satisfactory expression would be b= 
where A is the atomic weight of the material, and fis a function to be determined; this causes b to Sed de} 
ent on atomic number instead of atomic weight. {t turns out, however, that 6 is closely proportional t 
and rather than use a form for / which is less simple than the liner form, the formula b= 40X 10%p is genes 
given. 
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oretical consequences, and experiments designed to test the point 
} now in progress in the author’s laboratory. 


VIII. DISCUSSION 


Probably the greatest degree of uncertainty in the above calcula- 
ns is the 20 per cent correction for stray cathode rays; this estimate 
s made by a photographic method, and not much is known about 
variation with tube voltage. However, it should be pointed out 
1t this concerns only the calculation of the “true,” or theoretical 
iciency #,; the equations of practical importance (11, 12, 13, and 2), 
that they describe the intensity J’ actually obtainable from the 
al spot, are independent of the 20 per cent correction; and of course, 
hen better measurements on the stray energy are available, they 
: be applied directly to the present work in order to obtain a better 
imate of F,. 
Another uncertainty which affects only E, and not J’ is in the cor- 
‘tion for the intensity obtained in various directions. A serious 
timate of the adequacy of the present correction for this effect can 
bt be made until work is available for a target of atomic number in 
e vicinity of tungsten, but it is scarcely conceivable that the error 
the present work due to this cause can be over a few per cent. It 
fay be pointed out that whatever uncertainty now exists with regard 
) this correction is due simply to a lack of experimental data, and is 
pt due to the fact that intensities radiated into the massive target 
bn never be measured. 
An uncertainty which applies to both E, and I’ is due to the fact 
hat the voltages used by Rump were not so steady as could be desired, 
it varied about 10 kv from the mean. It is difficult to estimate the 
sible errors introduced by this variation, on account of the fact 
Mat the voltage wave form of a circuit of the type used by Rump is 
Mot a simple one. Supposing a sinusoidal variation, however, it is 
Madily shown ° that at 40 kv, for example, the correction would be 
Mily about 5 per cent; at higher args? the correction is even less 
rious. If the observed points below V, on the curve of Figure 3 
Mere corrected on this basis, the observations would more closely 
Parallel the calculated curve than they do at present. This small 
@orrection has, as a matter of fact, already been applied to the nu- 
MPerical results above involving low voltages (equations (12), (14), 
18)), and the value of /£, for 40 kv. 
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At 40 kv g (fig. 3) is roughly proportional to V?/2, making g/’ proportional tc to V3 pea at this voltage, the 
tion from the mean voltage was about 7 kv. Therefore the variation of vol tage may be described by 


V=40+7 sin y 


) isa variable increasing linearly withitime. The intensity actually obtained inside the calorim- 


PST 4047 sin y)* dy (19) 


PP here P isa constant, and the intensity which would have been obtained if the voltage had been steady 


a 40 kv is 


) 
Pfs 3 dy (20) 


Thus the correction factor by which an observed point (fig. 3) at 40 kv should be multiplied is the ratio of 
a~)) to (19), which turns out to be 0.954. 
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The other uncertainties, associated with correction for absorptia 
in the anticathode, and spectral intensity distribution, are prob, 
comparatively minor; the formulas set up for these corrections .[e™ 
believed to be quite satisfactory from the standpoint of prey 
experimental data.’ Moreover these formulas are of sufficj, 
generality to be of use in future work on X-ray efficiency, at |e 
until better experimental data is available for making these diffigy. 
corrections. 








IX. SUMMARY 


1. The physical conditions inside gas filled tubes are discussed, gy 
it is concluded that, for definite interpretation of results, hot cathoj: 
tubes should be used for experimental estimates of X-ray efficiency 

2. A general formula (formula (2)) for absorption of continygy 
spectrum radiation in the anticathode is set up and compared yi 
available experimental data. 

3. A general formula (formula (11)) is given which describes jy 
spectral intensity distribution in the general radiation emitted y 
an angle (y) of 90° from the direction of the cathode stream. 

4. Calculations based on some experimental work by Rump leaj 
to the conclusion that, between 40 and 150 kv. and for y=90°, th 
unresolved intensity in the general radiation generated insid 
tungsten anticathode is proportional to the 3/2 power of the volta; 
(V) instead of to V? as has usually been assumed (formula (12)). 

5. A basis for estimating absolute intensities and spectral intensity 
distributions for any value of y is provided (fig. 7). 

6. The intensity of the K characteristic radiation obtainable fron 
tungsten at voltages up to 150 kv is described quantitatively (formu 
(13)). 

7. Formulas (2), (11), (12), and (13), together with Figure! 
provide a means for describing quantitatively the absolute intensity 
and spectral intensity distribution (including in the case of tungsta 
the proportion of A characteristic rays) of the continuous radiation 
for any direction (Wy) obtainable from an X-ray tube under a wit 
range of practical conditions. 

8. The efficiency EL, of production of continuous spectrum X ry 
inside a tungsten anticathode is estimated for 40 kv. It is pointe 
out that there is not yet adequate basis for extending the estimate ( 
E, over a wide range of voltage. 

9. The bearing of the Thomson-Whiddington constant on t! 
generation of X-ray energy is pointed out, and its application mat: 
to the explanation of some results by Ulrey which indicated thu! 
X-ray efficiency showed a periodic variation with atomic number. 

The following tabulation may be of interest for purposes of illus 
tration and numerical comparisons: 
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’ There remains an apparent minor difficulty in this connection: Formula (11) (spectral intensity dist 
bution) was derived (13, 9) from data of the isochromat type assuming the V? law for unresolved inte 
Consequently, a discrepancy appears when a V?/? lawis found above (formula (12)). However, itn 
recalled that in the derivation of formula (11) an approximation was made (neglect of a term correspo! 

to the exponential term of formula (11)) which was in the direction of assuming V*%/? instead of V*. 1 
together with the consideration that any remaining differences would probably not be detectable exp" 
mentally, removes the apparent discrepancy. 
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Tungsten anticathode; Constant potential; 1 milliampere tube current 
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Bc out is spectrum: ‘intensity - actually obtained outside tube for 
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ON THE DETERMINATION OF THE EMPIRICAL 
FORMULA OF A HYDROCARBON ! 


.By Edward W. Washburn 


ABSTRACT 


This paper discusses the precision aspects of the problem of determining 
the molecular weight and hydrogen content of a hyd rocarbo yn and of combining 
the — so as to obtain the empirical formula. In certain cases the formula 
Pan be deduced from the molecular weight alone, in others from the combustion 

gualysis alone. Where both are required, the accuracy necessary in one or both 
is, in many cases, adjustable within rather wide limits and is determinable in any 
Pease. A definite laboratory procedure is outlined for obtaining the desired 
Pyesult with the minimum of effort and inconvenience. By following this proce- 
| gure it should be possible to determine the empirical formula of any pure hydro- 
Pgarbon containing not more than 100 carbon atoms. A determination of the 
promine- (or other-) addition number may, in some instances be substituted 
for the molecular weight determination or for the combustion analysis, or may be 
Itilized to decrease the accuracy which would otherwise be required in either or 
| both of these determinations. The requirements necessary for the determination 
ofa reliable ‘‘average formula” of a mixture of hydrocarbons are formulated. 
The influence of impurities and of polymerization is discussed, 
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s discussion has been prepared in order to establish a procedure for use with the hydrocarbons which 
course of fractionation from petroleum under Project No. 6 of the American Petroleum Institute 
“The Separation, Identification, and Determination of the Chemical Constituents of Commercial 
im Fractions.”” Financial assistance in this project has been received from a research fund of the 
terican Petroleum Institute donated by John D. Rockefeller. ‘Chis fund is being administered by t! le 
‘tule with the cooperation of the Central Petroleum Committee of the National Research Council. 
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I. INTRODUCTION 
1. THE PROBLEM 





The determination of the empirical formula of a hydrocarba 
ordinarily involves (1) a combustion analysis in order to ascertaiy 
the hydrogen content; together with (2) a molecular weight dete. 
mination. The purpose of this paper is to present a critical discussig, 
of the precision aspects of the problems involved in measuring thes 
two quantities and in combining them so as to obtain the empi 
formula of the hydrocarbon. 

The precision aspects present certain unusual and _interestix: 
features owing to the fact that the functions which connect t 
molecular weight and the hydrogen content with the values of n and 
in the general formula, C,,H.,,, are not continuous functions and al 
consequently not amenable to treatment by the methods ordina 
employed in precision-of-measurement discussions. This lack, 
continuity arises from the conditions (1) that n must be a 
number and (2) that z must be an even whole number. These: tl 
conditions, together with the character of the atomic weights 
carbon and hydrogen, require further that the molecular weigh 
except when n is very large, must also be close to an even wl 
number. The whole-number relations thus involved call for t 
application of certain new principles of measurement and calculatio! 
A general treatment of these principles has been given in a previ 
paper,’ to which frequent reference will be made in the course | 
the application of these principles to the problems before us. 
































2. LABORATORY PROCEDURE 


Given a sample of a pure hydrocarbon whose formula is desired 
the first problem which presents itself is the laboratory procedu 
to be followed; that is, which of the two quantities, (a) molecula 
weight and (6) hydrogen content, should be determined first and ho' 
accurately should this determination be made? 

The answer to this question in any specific instance is likely t 
depend upon attendant circumstances. For example, if the prob 
arose in a laboratory already equipped with, and oper tae, 
accurate combustion apparatus, the most convenient procedu! 
might be to make an accurate combustion analysis first. With ths 
accurate value available it might be found that the molecular weig!' 
determination could be dispensed with or that a very rough determine 
tion would suffice. 










2 The adiaiaten of Measurement and of Calculation in their Application to the Determination of Die 
phantine Quantities. B.S. Jour. Research, 4 p. 221; 1930. 
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B On the other hand, if the laboratory had no combustion apparatus 
} working condition but was instead equipped with suitable apparatus 

r exact molecular weight determinations, the investigator would 
ps prefer to determine the molecular weight accurately, since 






sy pera , , : : 
Ay SO doing he might be able to dispense entirely with the combustion 
‘(Bnalysis or at worst wor uld require only a rough value for the hydro- 





ontent of his hydroe tiie 
“A ‘th ird case would be represented by a laboratory in which neither 
the above outfits happened to be available so that, if required, 
Bh would have to be constructed (or assembled) and standardized. 
Mn the following treatment we shall assume a situation corres- 









»onding to this third case. The procedure appropriate to each of 
She other cases will, however, be brought out in the course of the 
1 egiscussion. 





If now the investigator has at hand and in working order neither 
pn accurate molecular weight apparatus nor an accurate combustion 
Beis nent (or indeed, if he has both of them), it will usually be 

hdvantageous to first make a rapid and approximate molecular 
eight determination. 

F As soon as the molecular weight is known approximately, one can 
Eietermine (a) whether a combustion analysis is required and, if so, 
ith what degree of accuracy and/or (6) whether a more accurate 
Molecular weight determination may be needed or preferred, and if 
fo, with what ‘degree of accuracy. 










II. SYMBOLS AND ABBREVIATIONS 





, defined by the formula C,Ho,,; 






EM the true molecular weight = 14.0156n + 1.0078z. 
aT = ; 
1.0078 (2n+7) %H 
M100 
Mmax., maximum. 
min., minimum. ‘ 
fh,, any experimental value found for A. 
(5h) max.) Maximum absolute error for the technic employed.’ 
s\f,, any experimental value found for M. 
‘ (6\/) max, Maximum fractional error for the technic employed.’ 
joel M 
b4=0.0078 (2n+2). 
(/), one of the positive integers. 


























III. THE MOLECULAR WEIGHT 


1. MATHEMATICAL RELATIONS 





The laws of valency and of atomic proportions give us the follow- 
ing relations: 


l. 






nis a ) pomtave 1 integer. 















*dee p. 223 of reference 2. 
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. , vee 
x is an even whole number lying between +2 and er # 
th 


latter value being the one which makes the formula of the hyjp, 
carbon C,,Ho. : 
3. M =14.0156 n+ 1.0078 x 


For convenience it is sometimes desirable to express M as a why, 
number plus the quantity A introduced by the fact that the atoy: 
weight of hydrogen is not exactly unity: that is, 


M=14n+2x+A 


9 



















where 
A=0.0078 (2n+2z) 


Eliminating » from (2) and (3) and solving for A 
A=0.0011 444+ 0.00672 
The maximum value of z is 2, hence the maximum value of : 


Amax- = 0.001117 + 0.0133 


100A max: 1.33 
=————- (0.1 1+ vy) per cent 


The minimum value of A is obviously 0.0156, which is that for, 
hydrocarbons of the formula C,H. 

Stated in another way, the molecular weight of a hydrocarbo 
ereater than some even whole number by an amount which is ne 
more than 0.19 per cent of the number and, as will appear late: 
too small to be significant in connection with the problem of dete: 
mining the empirical formula. A may therefore be neglected 1 
practically all cases. 


or 























2. DEDUCTIONS FROM THE MOLECULAR WEIGHT 
(a) EVALUATION OF M 


Add to the observed value (/,) of M the maximum error in mak: 
ing the determination (or divide it by 1—pmax. where Pmas. is t! 
maximum fractional error) and take the nearest even whole numby 
which is smaller. This is an upper limit for 4/—A. Subtract fro 
the observed value of Af the maximum error (or divide it by 1!- 
Pmax-) and take the nearest even whole number which is larger. Tis 
is a lower limit for /—A. The true value of A4—A will be an 
whole number lying between these limits. Column 1 of the “/- 
table” (Table 1) shows allof the possible values of MM—A up to 3! 
It will be noted that while above 60, all even integers are possi! 
values of AJ—A, below 60 only certain ones are possibilities. 

If M—A is to be definitely evaluated by the above procedure alc! 
from any possible observed value of M, it is obvious that (with th 
single exception of methane) the molecular weight must be det 
mined with a maximum error of less than one unit.‘ 





¢ With an error considerably larger than this, evaluation may result for certain values of 
J, if the actual error is in & favorable direction. On this point see further pp. 241 and 12 of Prelerence 
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TABLE 1.—The M-iable 


, of hydrocarbon, CnaHin+z. Molecular weight, M=14n+7+A.!] 
tage of hydrogen=100A. The table includes all hydrocarbons with molecular weight less than 





M-A! | 
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248 







250 
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| 252 











. 0980 
. 0446 


. 0342 
. 1438 
. 0931 
. 0423 
. 1510 
. 1007 
. 0504 


238 


240 


. 0403 


. 1097 


. 1060 
. 0530 
- 1138 
. 0613 
. OOSS 


1 


- 1215 
. 0695 


. 0174 


. 1082 
. 0583 
. 0083 
- 1155 


TABLE 1.—The M-table—Continued 
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276 x 31 


278 


284 
286 «(|i 2: 


288 + mm 


294 92 


, 
» 
296 : = 
2 
‘ 





0. 1506 


. 1031 
. 6555 


. 0079 


- 1101 


. 0630 
. 0157 
oaaee 


. 0703 





. 0069 
. 1072 
. 0966 
. 0552 
. 0138 
. 1438 
. 1028 
. 0617 
. 0206 
. 1496 
. 1089 
. 0681 
. 0272 
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TaBLE 1.—The M-table—Continued 


M-A | n 





0. aoe 3 r 
. 44 22 ” 
“008 $ " | 
. 1208 ) 
- OSLO 


. 0403 


. 1267 
. O867 
. 0467 
. 0067 
. 1325 
. 0927 
. 0530 
. 0134 








(b) EVALUATION OF n AND z 
Equation 1 may be written— 


_M=1.00782 
~- 14.0156 


If limiting values of Mf and z are known, they may be put into the 
eq — to determine limiting values for n. Thus nmin. is obtained 
bs substituting Man. and xmax, and taking the nearest integer which 
Ms larger. Mmax, 18 obtained by substituting Moax. ANd Zmin. and 
taking the nearest integer which is smaller. If nothing is known 
7y the value of z, @max. should be taken as +2 and Zyip. as 

— Max 

= =“*+ The possible values of n are the integers lying between 

and max. 

For the complete evaluation of n by the above procedure when r is 
sunknown, the following condition, which is both necessary and suffi- 
Mcient, must be fulfilled. (See the A/-table.) 

The values of M4—A falling within the range Main. to Mmax., in- 
Fclusive, must be wholly within one of the following inclusive ranges: 
616 to 16, 26 to 30, 38 to 44, 50 to 58, 62 to 72, 74 to 84, 88 to 96, 102 
to 108, 116 to 120, 130 to 132, or 144 to 144. These values of M—A 
sare printed in bold-face type in Table 1 
| From equation (1) z can obviously be computed, if M and n are 
known, hence, a definite evaluation of 1J—A as one of the numbers 
in bold-face type completely determines the empirical formula of 
the compound. 
| If the molecular weight can not be identified as one of those corre- 
sponding to a single formula, a combustion analysis (or substitute 
therefor) will always be required except in the following special cases: 
In the M-table two hydrocarbons appear with the molecular 
weight 86. One of these is the saturated hydrocarbon, C,H. The 
other has the formula C;H,. This very unsaturated hydrocarbon is 

not known, and perhaps ‘does not exist. In any event its properties 
pwould readily distinguish it from C,;H,,. For all practical purposes, 
ing fore, the value 86 might be added to the list of bold-face values 

in the table, For similar reasons the same statement can be made 
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with respect to the molecular weights 98, 110, 122, 134, 146, and 1; 
and, with somewhat less confidence, with respect to a number 

other values. In other words, whenever the M-table is used, certs: 
of the hydrocarbons there shown may be eliminated as possibilities 

a given case on the grounds that they could not have the propertis 
possessed by the given hydrocarbon. 


(c) ILLUSTRATIVE EXAMPLES 
Exrample | 


Given: M,=91, Dmax.=0.03. 

The true value of 4/— A must be an even integer lying between tly 
limits 

M max. — A$ 91/0.97 $93.8 = 92 
Moin. — A£91/1.03 88.4 =90 
Hence, it is 90 or 92. 

From the M-table it is obvious that n=7 and that the hydrocarbi 
is C,H, or C;H,. If we repeat the molecular weight determinati 
without increase of accuracy and find AJ,=93, the possible values 
M-— A are now 92 and 94. The true value must, therefore, be 92 
the hydrocarbon is C,H, 

If we prefer to make the evaluation with the aid of a combust: 
analysis, we note (Table 1) that the possible values for / are 0.007! 
and 0.0876. Hence, a combustion analysis accurate to better th 
\ (0.0876 — 0.0672) =0.01 unit will suffice to definitely evaluate 


Example 2 


Given: Two determinations of VW, AZ, =91, A4,.=87; and pina, 
M max. — A}87/0.9 > 96.5 
M min. ~AX91/1.1 82.7 


From the M-table we find that n is either 6 or 7 and, if the hyd 
carbon C,H, is ruled out, definite evaluation is possible, if we r 
determine M with sufficient accuracy. If, however, we prefer | 
make the evaluation from combustion analysis we prepare the { 
lowing table: 





0.0204 | 0.0195 0.0187 | 0.0180 


The smallest value for Ah is 0.018. Hence, it will suffice, if 
< 0.009. 


7 7 5 
Exrample § 


Given: 
M,=301 and pmax. = 0.02 
M mnax-~A & 301/98 } 306 = 306 
M mntn--A£301/1.02 € 295 = 296 


The possible values of n are evidently 21, 22, 2: and 25. 





oat 
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F \rranging the corresponding values of / in the M-table in ascend- 
: | order and computing the differences, we find the smallest differ- 
Be to be Ah =0.0008 for the hydrocarbons C,;H, and C,,Hsg. These 
me very improbable hydrocarbons and might perhaps be ruled out. 

he next smallest value for Ah is 0.0024 for the hydrocarbons CoH), 
a | (,,H,s. To distinguish between these the error in the combus- 
on analysis should preferably be less than (6h) max. yo — <i = (0.0012. 


hh other words, a careful combustion analysis must be ie Sup- 
P pse the result is h,=0.149+0.001. Obviously h=0.1496 and the 
ydrocarbon must be C2,H4,. 
"For all hydrocarbons with molecular weights of the order of 300 
larger, a careful combustion analysis is usually unavoidable. 
Mhenever, therefore, Af,/(1— pmax. )>300, it is best to proceed imme- 
jately with the combustion analysis and to use the methods to be 
Eplained below in place of the M-table for deducing the formula of 
be hydrocarbon. 
a = e shall now take up the consideration of the combustion analysis 
nd the conclusions which can be derived therefrom. 


IV. THE COMBUSTION ANALYSIS 
1. GENERAL CONSIDERATIONS 


©The purpose of the combustion analysis is to determine what 
action of the se by weight, is hydrogen. This fraction 


prepresented by h= 


E This can be obtained (1) from the percentage of hydrogen alone, 
2) from the percentage of carbon alone, or (3) by combining both 
falues.. 

' Method (1), which requires only a determination of the percentage 

Mf hydrogen, is the best of the three methods, if the sample is a pure 

rdrocarbon. Under these circumstances the carbon determination 
unnecessary and of no value. 

§ Method (2) would require an absolute accuracy in the carbon de- 

rmination equal to that required in method (1) for the hydrogen 
termination. This practically eliminates this method from 

nsideration. 
; Method (3) has the following advantages: (a) It is not necessary 
) know the mass of the sample used; (6) the result is not affected by 
he presence of impurities in -* sample, except such as give volatile 
Boducts which are absorbed; (¢) it is also not affected by a partial 
hidation of the sample, nas te all of the oxidation products are 
Piuined by the sample; (¢d) through an almost exact compensation 

uir-buoyancy effects, it is unnec essary to correct the weighings to 

cuum, if NaOH (or “‘ Ascarite’’) is used to absorb the carbon dioxide 

id MgClO,.3H,0 (‘‘Dehydrite”) followed by P.O; to absorb the 
ater, 

A comparison of the values of A as given by the three methods in 

¢ case of combustion analyses of naphthalene and of a petroleum 

action respectively, is shown in Table 2." 





iin this table are taken from the combustion analyses made by Bruun, B. S. Jour. Research, 


11295°—30——_7 
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; %H 
TaBLE 2.—Illustrating the value of h= 1 


00 % obiained by three different 


calculation 


1, NAPHTHALENE 








oH | ; ho = : hs al 
hi= 100 | Deviation | 100—%C | Deviation | %H 
| | ~ 1007 | | MH+%E | 





0. 0627 | 0.0002 | 0. 0639 | 0. 0002 | 0.06277! am 
. 0621 | 0004 | . 0634 . 0003 ‘0621 . 
- 0626 | . 0001 . 0002 





Average | . 0002 





Theoretical 





. 0002 | 0. 1390 0. 0002 | 0. 1369 
. 0000 | . 1395 | . 0903 | . 1268 
. 0003 | . 1392 | . 0001 | 





00917 | . 1392 | 0002 | 
§ 0002 , a a | ee spams 
-. 0062 |_- bss ; Let oa | 
+. 0003 


From these data it would appear to be a conservative conclusia 
to state that the value of A can, if necessary, be determined with 
+ 0.0005 unit; also a reasonable and safe value of the ‘‘maximum em 
of the method,” (64)max, 18 +0.001. This is obviously a degree ¢ 
accuracy attainable without much difficulty and it will be found amp 
for practically all cases.° 


2. MATHEMATICAL RELATIONS 


From the formula, C,,H2,,,, molecular weight =M, together wit 
the values 12.000 and 1.0078 for the atomic weights of carbon au! 
hydrogen, respectively, a number of mathmetical relations connectiz 
h, n, xz, and M can be easily derived by purely algebraic processes. 

Those which will be employed ? in the following discussion are 

% H 
h=— definition 
100 ( tion) 


1 
= 
ro = 1/2 5 ed 

6.95535 —1/h 


t= M(1.15893h — 0.16666) 





6 On this point see further Sec. XI, p. 890. 
: (1—h) M , Mh . ? 7 
7 Other relations, such as n= _— and 2n+I= 7 0078 might alternatively be employed, and i 
Vve 
instances would be shorter and more direct. The ones adopted, however, and the procedures base¢ 
them are applicable to all situations and yield the maximum amount of information with little cla 
going astray. 
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3. CLASSIFICATION INTO TYPE GROUPS 


© In discussing the calculation of n and z from the experimentally 
Betormined quantities h and M, the various cases which present 
BH omselves fall naturally into three groups which can be defined as 
? llows: au. ‘ 

troup I, r is a positive quantity, r= +2. 

Group I, r is infinite, r=0. ; ~ 

' Group III, r and z are negative quantities. 

The characteristics of each group, together with illustrative 

amples will be discussed in order. In this discussion (6h) max. 
ill be taken as equal to +0.001 for the reasons explained above. 
he discussion can, therefore, be generalized by substituting (6h) max. 
*, + 0.001 wherever it is used. 


4. Group I. SATURATED HYDROCARBONS, C,Han+2 
(r is positive, r= +2) 


F While this group is characterized by a positive value for 7, it is not 
essary to calculate r in order to determine whether or not a 
Bven case belongs to the group. This can be determined directly 


‘ : ; n 
from the value of h as follows: (1) It is obvious that r ( = ua) can be a 


sitive quantity only when r= +2; that is, only for a saturated 
ydrocarbon. (2) Every saturated hydrocarbon will have a larger 
alue of A than any unsaturated hydrocarbon. (3) The highest 
alue of h for an unsaturated hydrocarbon occurs in the hydrocarbon 


2X 1.00782 _ 9 1438 


ype, C,H2,, and is equal to 74£.0156n. 


: Group I is therefore completely defined by the relation 


h>0.1438 


henever, therefore, the value of A is greater than 0.1438, the 
ydrocarbon must be a saturated one; that is, r=+2 and n=2r. 


Example 1 


: Given, h (found) = 0.1559, (5h) max. = 0.001. 
Substituting in equation (8) gives 


11>(Qr=n)>9.3 


‘he true value of n must, therefore, be 10 and the hydrocarbon is 
wy. No molecular weight determination is necessary. 


Exa mple 2 


Given the following two experimental values for h, h;=0.1521, 
0.1508, and (6h) max. =0.001. Evidently we may write 


hmax. =h2+0.001 =0.1518 


hom, =h,—0.001 = 0.1511 
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From these two values and equation (8) we find 
27 max. = max. > 16.16 = 16 
27min = Nom. + 15.2 = 16 


Hence, n=16 and the hydrocarbon is C,,H3u. 

If (sh) max. =0.001, no possible single value of h will lead to 4, 
evaluation of n for saturated hydrocarbons containing more than | 
carbon atoms, but if more than one determination of h is availa 
such evaluation may result, if n does not exceed about 17.8 


Example 3 
Given 
h (found) = 0.1464, (6h) max. =0.001 


75.0 >(2r=n) >33.8 


n must, therefore, be a whole number lying between 75 and % 
inclusive. To find its value a molecular weight determinatica; 
required. 

The facts concerning saturated hydrocarbons may be summed wx 
— 

If (6h) max, does not exceed 0.001, the formula of the hyd» 
wide ‘an always be derived from the combustion analysis alow 
for ail hydrocarbons up to and including C;; and if a sufficiently favo: 
able value of h is obtained, evaluation 1s possible up to and includiy 
Cro. 

2. For saturated hydrocarbons between Cy and C7 the formula’ 
the hydrocarbon may be derived from the combustion analysis alow 
if two sufficiently favorable values of h are obtained. In gener, 
however, a molecular weight determination will be desirable for i 
ee arbons above Cs and will be required for all above Cy. 

If it is known that the hydrocarbon is saturated, a combustit 
wien is unnecessary, since the formula can be calculated age, 
molecular weight determination alone. (See equation (7).) Or stat 
in another way, the combustion analysis need only be accurate enou! 
to show that / is definitely greater than 0.1438. <A greater deg 
of accuracy is ordinarily of no real value (unless it is desired to avoi 
where possible, the necessity of a molecular weight determinatic: 
since (a) for saturated hydrocarbons of low molecular weight, only 
moderate degree of accuracy in the molecular weight is required j 
order to determine 7 by means of equation (7) alone; and sinc: 
for higher molecular weights the accuracy required in the molecil 
weight determination is not materially diminished by a more accutt! 
knowledge of h. 


Hence 


Procedure for Group I 


Compute rain, and 7_,4x. With the aid of equation (8). Then itl 


Nmin. t2P min. = (J) min. 
and 
Nmax.P 2? max. = ()max. 


§ On this point see further the discussion on pp. 233 and 234 of reference 2. 
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If (Din. =(D)max., 2 is completely evaluated. 

Hf (D)max.>(2)min., and a molecular weight determination is re- 

Bired, the accuracy in M should be (6M)max.<(7 units, in order to 

© certain of evaluating n from a single determination of M. 


5. Group II. HYDROCARBONS OF THE TYPE C,Ho,z 
(x=0, r=) 


This group includes only, but all, hydrocarbons of the type C,,H,. 
r all members of the group h= = 0.1438. If, therefore, the value 
11438 is included within the limits 


h (found) + [ (5h) max. =0.001] 


the hydrocarbon in all probability has the formula C,H». The only 
Sssible alternative is a hydrocarbon containing more than 62 carbon 
joms.” 

For all hydrocarbons belonging to this group the formula must be 
termined from the molecular weight. ‘The combustion analysis is 
no further help. 


Procedure for Group II 
© Determine M and compute n from the relation 


Maisie. Mrin. 


14.0136 > " ~)> {40156 (12) 


b order to be certain of evaluating n from a single determination of 
, the accuracy in M should be (6M) max.<c7 units. If nis found to 
pcreater than 62, the combustion analysis must be repeated with an 
curacy sufficient to identify the group type with certainty. 


6. Group III. HYDROCARBONS OF THE TYPE C,Hon:z 
(x is negative, r is negative) 


This group includes all hydrocarbons having negative values of z. 
le group is completely defined also by the relation 


h<0.1438 


order to determine n and « for members of this group both M and /h 
e determined and utilized in the calculation. The details of the 
lculation are discussed in 8 below. 


EVALUATION OF n AND « FROM CUMBUSTION ANALYSIS ALONE 


(a) EVALUATION OF r 


The complete evaluation of x2 from combustion analysis alone is, 
general, possible only when h=0.1438. As we have shown above 
- S77), when h=0.1438, «=0 and when 4>0.1438, 2=+2. In 
tuicular cases it is possible also for other values of h, provided some 





ror (dh .= 0.0005 5 the only alternative is a in dneeuieen with. more than 123 carbon atoms. 
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limitation can be placed upon n. Since, however, the knowledg, 
such a limitation 1s practically equivalent to an approximate know 
edge of the molecular weight, or at all events of an upper limit for; 
such cases are best treated in connection with molecular weight dai 


(b) EVALUATION OF n 


Complete evaluation of n from combustion analysis alone is pox 
ble only when h>0.1438 and when 7 is less than a fixed value dete 
mined by and calculable from (6h)max, as in the examples alrey 
discussed (p. 878, supra). . 


(c) COMBINATION VALUES OF n AND z 


If no limitation is placed upon the molecular weight, values 
h<0.1438 give an infinite number of possible values for n and z. | 
however, we agree to limit our field to hydrocarbons for which 9; 
not greater than some fixed value, say 100, then for each value of 
or in practice, for each value of h+ (6h)max., there is only a fini 
number of combination values possible for n and zx and these are 
calculable.° The calculation is made by computing rmax, and r,, 
with the aid of equation (8) and then determining the possible cn 
bination values of n and z by Diophantine analysis. Since, howevy 
this set of possible combination values is usually rather large, j 
only is known, it is of practical interest only when M can not! 
determined. The more restricted set which is limited by an appz 
mate knowledge of M is readily calculable by the methods whi 
will now be described. 


8. PROCEDURE FOR GROUP III 


1. Determine My,x. and Myjn. as directed in Section ITI, 2 (:' 
2. Determine 2max. aNd Zmin, from relation (9) which gives 
— max. > Munax, [0.16666 — 1.1589 (h— (5h) max.) =2 (1) 
—tmin {Muin, [0.16666 —1.1589 (h+ (8h) max ))=2 (J) 
Determine max. and Nyin, from equation (7) which gives wi 
sufficient accuracy 


Baas ~~ “min 
Nmax. > 7 aoe (DJ) nex. 


Mmin, <£ Mat — Hao es Z) ate. 


4. If n and z are not evaluated at this point, determine —?ma:.* 

—Tmin, from relation (8). 

5. Using in turn each possible value of z as obtained from relat! 
(13) and (14) above, determine the integers lying between > . 
and 2 Xfmin. These integers, together with tneir correspontl 
values of x, constitute possible combination values of n and z. 

6. From the set of combination values thus obtained strike out 
which are inconsistent with relations (15) and (16) and tabulated 
hydrocarbon formulas of the remainder, together with their molecu 
weights and values of h. 





10 See p. 241 of reference 2. 
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Determine by inspection of this table the next step in the 
edure. 
i is next step is rather difficult to set forth in explicit terms, since 
aries so greatly with the nature of the table obtained in (6) and 
h the desires of the investigator. It can best be presented by 
spans of concrete examples. 
“i more than one experimental value of M and/or of h is available, 
p procedure just outlined may be modified accordingly. This can 
» best be presented by means of concrete examples, 


Example 1 
en: 

= M,=513; pmax =0.1 
h,=0.1398; (6h) max. =09.001 
Moin. (513/1.1£466 =466+A 
Max. $513/0.9 $570 =570+ A 


be small quantity A may be neglected. 
— Imax. +570 [0.1666 — 1.1589 X 0.1388] $3.2 =2 
—Zmin. (466 [0.1666 — 1.1589 X 0.1408] £0.98 =2 
mee z= —2 


642 
Main. Lo pp $33.4 = 34 


570 +2 
mas P yg 40.8 = 40 


1 1 ) 
= ee 2. FG ans ens es | SD 
Tin. Te nts 1)/(6.955 0.1388) ~ 12-4 


— a FR a - — 9 
Tmax. /( sr408 1)/(6.955 0.1408 20.6 


For z= —2 these give Nmax.=41 and Nmin,=25, which are wider 
hits than the above. The hydrocarbon, therefore, belongs to the 
pe C,Ho,-2 and nm must be between 34 and 40, inclusive. For this 
pe the interval, AM, is constant and equal to 14.0156. 
The possible hydrocarbons are therefore the following: 





F M h 





CyuHee 474. 508 0. 1402 
CasHes 488. 523 . 1404 
C3H70 502. 539 . 1405 
C37H72 516. 554 . 1405 
CysH 530. 570 . 1405 
CaoH 76 544. 585 . 1406 
CuoH7 558. 600 . 1406 

















There is evidently nothing to be gained by repeating the combustion 
alysis. To be certain of identifying the hydrocarbon from one addi- 
onal M determination it is evident that (6M!)max, must be < 7 units, 
for the most unfavorable case, Pmax, must be less than 1.27 per 
nt. This is obtained from equation (32), page 235 of the preceding 
per,’ which for this case yields 





H See footnote 2, p. 868, 
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AM 1 2 
Pmax.~ 9 Vf a rena 1.27 per cent 
Tee 2nmax.— 7 2X30-7% 















Example 2 
Given: 

Ma +e 300, Pmax. = 0.1 

ha = 0.0770 (6h) max. =0.001 

Man. £300/1.1272.6=274+A 

Max. +300/0.9 $333.3 = 332+ A 
—2max. +332 [0.1666 — 1.1589 X 0.0760] 26.1 =26 
—2min. {274 [0.1666 — 1.1589 X 0.0780] £ 20.9 = 22 






274 +22 


min. t—7q— 21.1 =22 











332 + 26 + 
Risa 2 i4 > 25.6 =24 


—Tmin = (0.98; —T max =1.01 





Hence, 1.01>—>0.98 


For 





r=—-22 n=22 
—24 24 
—26 26 


The hydrocarbon must, therefore, belong to the type C,lIl, 
which AMM=26. The possibilities are 





aA 
| F i —£ | M h A 
| CosHe | 22 286. 2 wee 
| CrH 24 | 312. 2 } 0.0775 





To be certain of identifying the hydrocarbon by one additional | 
determination, it is evident ' that 


<4.3 per cent 














26 
Pmax, must be< ea TE 
Example 3 
Given: 
Ms pe 302, Pmax. = 0.1 
h,=0.0530, (6h) max. = 0.001 
Moin. £302/1.14274.5 = 276 
Max. $302/0.9 335.5 =334 
— Imax. 334 [0.1666 — 1.1589 X 0.0520] $35.5 = 34 
— min. £274 [0.1666 — 1.1589 x 0.0540] ¢ 28.7 =30 
276+ 30 


Nein ~ 14 21.8 =22 














2 See p. 235 of reference 2. 
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3347 St > 26.3=26 
—Pmin, = 0-442; —Tmax. = 0.757 
oie, "Sa = 

0.757 >— yo 0 tae 
Shor r= —30 n=no possible integer 
5 ~—d2 = 24 

: — 34 =no possible integer 

Hence, n=24, r= —32 and the hydrocarbon is C.,H,. 
PWith the same values of h, and (6h)max, the same result would 
Sve been obtained even though the maximum error in the molecular 
picht determination had been larger, as long as Myx. was found to 
p <342 and Main. >266. Similarly, with the same values of M, 
d Pmax. the same result would have been obtained as long as 
B (5h) max, Was included within the limits 0.053 +0.002. Further- 
re, by increasing the accuracy in the M/ determination the accuracy 
juired in the h determination could be further materially lessened. 


Example 4 


‘In order to avoid the possibility of ‘‘mistakes,” the investigator 
fll usually run at least two combustion analyses, and, since M is 
ging measured by a rapid method, at least two determinations of 

might just as well be made. The following example illustrates a 
ethod which may be followed when more than one experimental 
tue of A and/or of M is available. 


M, 042; M, = 539; Pmax. 0.1 

h, =0.0908; hg =0.0916; (6h) max. =0.001. 

Main. 542/1.14£492.27 = 492 

Mmax.$539/0.9 > 599 =598 

“max. 598 [0.1666 — 1.1589 < 0.0906] } 36.8 = 36 

-Fmin. £492 [0.1666 — 1.1589 x 0.0918] 29.6 =30 
a ee 

min,“ 14 431.3 = 38 (a) 
ot 28 

He ot 36 4 45.3=45 


~ fax, = 1.256; ~faia. = 1.227 


tly 


1 ore AD ‘ - 
Hence 1.256 >>——>1.227 
—wL 


Bor 


z= —30 
— 32 


04 


— 36 





p. 225, 237 of reference 2, 
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The first set is ruled out by (a) above, leaving as possibilities: 





M h 


al 


CwoHas d 528. 34 0. 0918 
Caw2Hso é 554. 38 . 0909 
CaHs4 3 594. 41 . 0915 














In order to identify the hydrocarbon it is obviously necessay 
make additional measurements. What shall they be and how gy 
rately must they be made? No definite single answer can bi gi 
to this question. For example, suppose the hydrocarbon y 
CywHs. With (5h)max.=0.001 any value of h between 0.0899, 
0.0919 is an experimental possibility. If, therefore, the combusi 
analysis were repeated and any value not greater than 0.0904 y 
obtained, the hydrocarbon would be identified. If, however, ; 
correct value, 0.0909, were obtained, identification would fail. 
larly, if the hydrocarbon were CyHyg and the M determination w 
repeated without increase of accuracy, identification would resi 
if the value obtained in the measurement were less than 0.9 x 5544 
499. In other words, if the investigator is fortunate in the » 
which he makes, he will obtain the desired answer.'* 

While a definite answer can not be given to the question as for 
lated above, the following formulation, which is that used in} 
preceding examples, will yield such an answer: How accurately n 
M or h be measured in order that a single measurement of either ¥ 
be certain to lead to identification? 

For M we use equation (32) of the preceding paper.” 

This gives us 
554.38 — 528.34 


Pi= 554 394 598. 34 72-4 per cent. 


_594.41~554.38_ 4 . 
Ps™ 594.414 564.38 °°” POF Cone. 


The answer is therefore pmax. must be<2.4 per cent. 

For A we note that Ahmm.=0.0003. Hence (5h)max. would bi 
to be <.0.00015. 

It is evident that our most certain procedure is to repeat the 
det eo with an accuracy better than 2.4 per cent, if pn 
ticable 


V. POSSIBLE SUBSTITUTES FOR THE COMBUSTION ANA 
YSIS OR THE MOLECULAR WEIGHT DETERMINATION 


1. GENERAL CONSIDERATIONS 


From the foregoing discussion it is evident that the purpose 0!! 
molecular weight determination and the combustion analysis 5 
provide us with two independent mathematical relations involt 
n and z, each relation being given with a known accuracy. 
two relations, together with the Diophantine characters of n aul 





M4 See p. 231 of reference 2, 16 See p. 235 of reference 2. 
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»d to the complete identification of both n and z, if the accuracy is 
ficient. 
| Now it is obvious that any mathematical relation involving either 
* both n and z should be similarly utilizable, either as additional 
ormation or in place of the M or thehfunctions. F urthermore, any 
pan-cut chemical reaction, series of reactions or set of reactions in 
hich the hydrocarbon is involved should, in principle, be capable of 

nishing a ‘mathematical relation of this character. The expression 

ean cut” in this connection means simply that all molecules of the 
drocarbon react stoichiometrically alike. The desired relation is 
tained by determining any stoichiometric quantity associated with 
e process. For example, in the combustion analysis itself the 

ichiometric quantity determined is the number of mols of water 
oduced per gram of hydrocarbon burned. 

It is hardly worth while to discuss in detail the various chemical 
actions involving hydrocarbons which might conceivably be used 

supply the desired type of information. It will suffice to discuss 
he such case as an illustrative example. 

Let us first assume that we have made the customary determina- 
ns of molecular weight and combustion analysis with the following 
sults: 

M, = 129 = (0.2 
h,=0.0766 ane =(.001 


iis is a Group III hydrocarbon. Hence, we bave 


Main. £129/1.2£107.5 =108 

Max.» 129/0.8 > 161.2 = 160 

—2max.> 160 [0.1666 — 1.1589 X 0.0756] + 12.6 =12 
—Imin. 108 [0.1666 — 1.1589 x 0.0776] £8.3 = 10 


4. 
call «8. 42 =9 


agin, 100+ 124123 =12 
—Tmin. = 0.976; —"Twax. 1.00 


1.00> = > 0.976 


| For 
z=-—10 n=10 
—12 12 


~ 


a hydrocarbon is therefore of the type C,H, and is either Cy)Hyo 
r CH: 


2, UTILIZATION OF THE BROMINE-ADDITION NUMBER 


Now let us assume that instead of making a combustion analysis 
é have determined the bromine- (or other-) addition number of 
ie hydrocarbon. The following discussion is applicable to any 
dition reaction. Our data will be, let us say 


M,=129 Pmax. = 0.2 
U,= 0.0307 (81) maz.= = 0.0003 
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where u is the number of equivalents of bromine stoichiometric, 
added by 1 gram of the hydrocarbon. 

If we let Z represent the number of equivalents of unsaturatig, 
which remain in the molecule after the bromine addition, it {oljy 
from the laws of valency that 


2=2-—Mu-Z 
where Mu and Z are even integers. 
As in the preceding example 


Max. = 160 and Main. =108 
Hence 
(Mu) max. > 160 X 0.031 > 4.96 =4 
(M1) min. {108 X 0.030443.31 =4 


Mu=4 


And 


Also 


Mu 


| < - 3 


Sle apg #131. 5 =130+A 


Mais. t + 129=130+A 


2 
0. 031 


Hence, M—A=130 and the hydrocarbon must be CyoH)o. 


Complete identification has resulted because we have assumed] 
sufficiently small value for (6v)max. If we had assumed a lar 
value, say (6%)max.=0.001, we would have found 6. possibilitis 


namely, (C gH<0), CioHs, CyoHio, CroH, CyHy, and Cy Aas. CH, 


ruled out because it is a saturated hydrocarbon. It will be notice: 


that C,H), is not included among the possibilities. 


Let us now assume that we have made only the combustion analys 
and the bromine-addition determination. These will yield the follor 
ing information, taking the same numerical data as in the precedi 


examples. 


1.00> = >0.976 


0.031 >u>0.0304 


14—M 
6 


M = 14.0156n + 1.0078z 


n is an integer and z, Mu and Z are even integers, 


z= (2—Mu-—Z)> 


When solved for n and z the above relations, together with equatit! 


(9), give 
_(Z—2) (0.1666 — 1.159h) 


u—0.1666 + 1.159h 


N= —TL 





16 Saturation is here defined ay the condition, z= +2. 
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Three cases are possible as follows: 

1 If Z is actually zero, equation (17) will be found to yield a 

finite value for 2. 

9 If Z is actually 2, equation (17) will be found to become inde- 

minate. In this case the number of combination values possible 

+n and z is the same as though the bromine determination hed not 

eon made; that is, it is the number corresponding to the limit- 

mo values of h. The only utility of the bromine determination in 
ese circumstances is to eliminate as possibilities certain structural 

Mormulas. 

» 3. If Z is actually greater than 2, equation (17) will lead to a 

Hnaller number of possibilities than correspond to value of / alone. 

In the present example we find 

Z 

q  (Z=2) [0.1666 — 1.159 (0.0766 + 0.001)] 

: “~9.166 — 1.159 (0.0766 + 0.001) — (0.0207 + 0.0003) 





Mhe denominator is a positive quantity. Hence, Z must be >2. 
if we assume that n> 50, a Diophantine analysis yields the following 
fs the only possible formulas for the hydrocarbon: CyjoHio, CooH20, 
M Hy, CooHao, CrsHay, and Cy5oH5. For the same condition the value 
pi h by itself leads to 30 possibilities. 


3. CONCLUSIONS 


The results obtained in the examples just discussed suggest that 
he bromine (or other) addition number may be a valuable aid in 
leducing the formula of a hydrocarbon. From a purely mathe- 
matical standpoint it has a material advantage over the combustion 
nalysis because in many cases it enables us to deal with a small 
ven integer instead of a large one, with a consequent gain in the 
precision required. 

The writer has hesitated to include it definitely as a possible sub- 
Bitute for the combustion analysis, however, because he has been 
Muable to satisfy himself that the present state of our knowledge of 
ie reactions of any of the halogens with the hydrocarbons justifies 
the assumption that the reaction can be so controlled as to be always 

toichiometric in character.” However, it should be valuable as 
aiditional evidence and should always be determined, if only for the 
purpose of accumulating additional evidence as to its stoichiometric 
reliability. 

Whether or not it is stoichiometric in a given instance could in 
nneiple be determined by carrying out the bromination in steps, in 
uch a way that the amount of bromine added by the hydrocarbon in 
tech step is controlled by the known activity of bromine in some 
econd nonmiscible phase (gas or liquid) containing it. The graph 
{the amount added against the activity of the bromine in the non- 
uscible phase should exhibit a flat corresponding to each type of 
toichiometrically added bromine.'* 


This does not refer to the possibility that addition may be accompanied by some substitution, because 
ne ‘atter can, of course, be determined by an acid titration and corrected for. 
>, For recent applications of the principle of this method to another situation, see Bancroft and Barnett, 
oe, Nat. Acad, Sci., 16, pp, 118, 135; 1930. 
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VI. RESUME AND GENERAL PROCEDURE 


1. Make an approximate determination of the molecular weight 

(a) If M, is less than 300, follow the procedure of Section [I] : 
page 870. 

(b) If M, is of the order of 300 or greater, proceed to 2. 

2. Make a combustion analysis. 

(a) If h—(6h) max, >0.1438, follow the procedure of Section ]y 
4, page 878. 

(b) If 0.1438 is included within h+ (6h) max. follow the procedi 
of Section IV, 5, page 879. 

(c) If h+ (6h) max.,< 0.1438, follow the procedure of Section jy 
8, page 880. 

3. Determine the halogen- (hydrogen-, acid-, or other-) additiy 
number and, if the result is not zero, check the deductions of 1 gj 
2 by the procedure explained in Section V, 2, page 885. 

4. If there is reason to suppose that the hydrocarbon may be y 
equilibrium mixture of polymers, it should be further investigated 
described in Section IX below. 


Q 
ae 


VII. EFFECTS OF IMPURITIES 


The procedure outlined in the foregoing pages assumes that tly 
hydrocarbon is pure; that is, that it contains a single molecular specie 
In practice, however, the requirement in this respect is that, if 
purities are present, they must be of such natures and magnitudes « 
not to alter the measured values of h and M by such amounts as wil 
lead to erroneous deductions. Thus if the impurities are all isome 
of the principal constituent, they are without influence. Likewix 
an impurity having the same hydrogen content as the principal co: 
stituent would not lead to an erroneous result, if the quantity prese 
did not affect the measured molecular weight by a significant amour. 
Since, however, in general the natures of the impurities present wi 
not be known, it is necessary to establish the purity of the samp 
before proceeding to determine its formula.’® 


VIII. THE “AVERAGE FORMULA ” OF A MIXTURE OF 
HYDROCARBONS 


If the procedure of the preceding pages be applied to a mixture ¢i 
hydrocarbons, it may lead to a definite formula. The hydrocarbu 
corresponding to this formula may not, however, be present in tle 
mixture and the result is of no value. If it is desired to find the % 
called average formula of a mixture, the procedure here outlined mij 
be used, but with the omission of those features of it which result from 
the Diophantine characters postulated for n and xz. The average 
formula thus obtained will be C,i,H-+a, the subscripts being evi 
uated numerically. In this way thedataof example 1, page 881, woul! 
yield the formula 


Co7.143.7H72.1.46.3 


In determining the “average molecular weight” of a mixture 5 
any of the methods involving the use of a solvent, the determinati! 





19 Suitable tests for purity have been discussed elsewhere. See Ind. Eng. Chem, 9, Dp, 985; 1930. Its 
obvious that the sample used for combustion must be carefully freed from all moisture, 
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cone be made for at least two concentrations and preferably with at 

s¢ two solvents in order to avoid the unnecessary and possibly 

aman assumption that the hydrocarbon mixture is free from the 
bibstance employed as the solvent. 


IX. EFFECTS OF POLYMERIZATION 


If the sample of the hydrocarbon is a mixture of polymers, certain 
precautions are necessary. If the polymers present are not in equilib- 
1m with one another, the sample is a mixture. It may, in principle, 
e separated into its constituent hyrdocarbons by suitable methods of 

ractionation. 

If, however, the sample is a mixture of polymers in equilibrium with 

ne another, it will behave toward the phase rule like a pure substance, 
pnd may consequently meet the tests for purity as ordinarily applied. 

If now the procedure of the preceding pages be applied to such a 
? ‘pure substance,” an erroneous result may be obtained. If it is 

esired to eliminate this possibility, it is necessary to make accurate 
Bnolecular w eight determinations and to demonstrate that the molecu- 
Jar weight is independent of concentration and/or temperature. 

If the molecular weight varies appreciably with concentration and 
Hemperature, the hydrocarbon must be an equilibrium mixture of 
Spolymers of the general formula (C,Honir)y Where y is an integer. 
Jn such a case the in formation desired is the values of n and z, with, 
perh ips, the average value of y under some stated conditions. 

To obtain the values of n and z, the combustion analysis should be 

nade as accurately as possible and the molecular w eight should be 
(determined under conditions where the degree of polymerization is as 
small as possible. In this way it will be possible in many cases to 
determine n and x. If this proves not to be possible, recourse must 
be had to the information which can be obtained by converting the 
hydrocarbon into one or more of its chemical derivatives, a problem 
which will be specific for each case and can not be discussed in general 
terms. 


X. OTHER CHEMICAL COMPOUNDS 


The principles, which in the present paper have been developed in 
‘their application to the problem of determining the formula of a 
hydrocarbon, should be utilized in connection with the determination 

{the formula of any chemical compound. The widespread practice 

i reporting the results of a chemical analysis of a compound and com- 
iarng these results with the values calculated from an assumed for- 
mula should be abandoned. Instead, the investigator should deduce 
from the results of his analysis and their estimated accuracy, the set of 
chemic al formulas consistent therewith. If then he can eliminate 

certain members of this set on the basis of auxiliary evidence, this 
evidence should be stated. Only when all but one member of the set 
can be thus eliminated can the formula be considered as established. 


XI. CONCLUSIONS 


By following the procedures described in the pre ceding pagesitshould 
be possible to determine the empirical formula of any molecularly 
pure hydrocarbon containing not more than, say, 100 carbon atoms. 
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The accuracy required in the molecular weight determination wo); 
never exceed that necessary to distinguish CogHiog from C,,,f, 
and for this an accuracy of 0.5 to 1 per cent would be sufficient, — 

If the molecular weight can be determined with the requin 
accuracy (which in no case need be better than +0.5 per cent), the 
the accuracy necessary in the combustion analysis would in no eis 
be greater than that required to distinguish between Cyjo Ho) ani 
CiooH og. An accuracy of about + 0.0008 unit in A is ample for th 
purpose. This degree of accuracy should be attainable in gy, 
instance.” 

As regards the molecular weight determination, the requir 
accuracy can probably be obtained in most cases where a moleciiy 
weight determination is possible. Hydrocarbons may exist, hoy. 
ever, which are so nonvolatile and so insoluble in all solvents that; 
is not possible to determine their molecular weights. In such cass 
however, it would be equally impossible to obtain them in the pu 
condition and/or to establish their purity. They are, therefore, no 
likely to be met with in practice. The special problems arising j 
connection with an equilibrium mixture of polymers are discuss 
in Section IX. . 

The writer desires to acknowledge the valued assistance of R. 1, 
Leslie and S. T. Schicktanz for the computation of the M-table an 
for checking the computations throughout the manuscript. 


WASHINGTON, June 24, 1930. 





2” The above statements are valid only if the sample is a molecularly pure hydrocarbon. In pr 
the possibility of definitely evaluating the formula of a hydrocarbon of high miolecular weight will in ma: 
cases be determined, not by the accuracy attainable in the molecular weight and combustion determinatiox 
but by the practicability of obtaining the hydrocarbon in the required degree of purity and of den 
strating the purity. 
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HE IMPORTANCE OF PARTICLE SIZE IN SAMPLES OF 
CERTAIN METALLURGICAL MATERIALS 


By J. A. Scherrer and G. E. F. Lundell 


ABSTRACT 
The sampling of certain metallurgical materials gives rise to particles that 
ifer in size and in composition. The extent of the differences is shown and the 
rocedures that must be followed in selecting the sample for analysis are outlined. 


CONTENTS 


troduetion 
Experimental _ - 
Conclusions. -- 


I. INTRODUCTION 


segregation of metallic or nonmetallic elements in certain 
mlloys, and its influence on methods of sampling for chemical analysis 
is well known. There is, however, another phase of the sampling of 
that is often ionored ; namely, that the large and the small 

- particles of the sample may di Ter in composition. 

mi the particles differ in composition, it is evident that the sample 
for analysis must be taken with special care, and that analyses can 
mot be expected to agree if some are made on coarse particles that 
have been obtained from the top of a container by pouring or by using 
pincers, and others are made on fine material left in the bottom of 
the container or scooped up from the edges of a poured-out sample 
by means of a spatula. 

In preparing standard samples that are to be used in checking 
methods of chemical analysis, the chief requirements are that the 
sunples be stable and of uniform composition. They need not repre- 
sent the exact composition of the material from which they were 
obtained. A selected portion of the sample can, therefore, be taken 
lor use as the standard, or the sample can even be prepared by a 
puethod which would be out of the question in selecting a sample for 
check analyses. Thus in the preparation of standard analyzed 
simples of cast iron it is customary to blow out all graphite dust and 
then to take a definite portion of the well-mixed sample, as, for ex- 
wuple, the fraction that passes a No. 20 sieve and remains on a No. 
35 sieve. Again, in the preparation of standard analyzed samples 
of bearing metals a uniform but not necessarily representative, sample 
isassured by atomizing the molten alloy and taking the fraction that 
passes a No. 100 sieve. 

11295°—30——8 Sol 
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II. EXPERIMENTAL 


Most of the following tests on the composition of the different si, 
particles of certain materials were made in connection with the De 
aration of the bureau’s standard analyzed samples. The gq ba 
of journal bearing, phosphor-lead bronze bearing metal, monoty 
metal, aluminum sand-casting alloy, duralumin, and samples 1 and! 


of zinc-base die-casting alloys were taken on a milling machine. 1, 


sample of cast iron and part of sample 3 of the zinc- -base die- a 
alloy were prepared on the lathe. The ferrotungsten sample , 
ground in a ball mill. 


TaBLE 1.—Variations in the compositions of fine and coarse particles of the sp 


sample 


JOURNAL BEARING 





Fineness 





‘onstitue | 
Constituent | Through | Through 
On No. 20 | No. 20; on | No. 30; on 
No. 30 | No. 80 





70. 2 67.6 | 
1 27.9 | 
4.9 4.7 | 


PHOSPHOR-LEAD BRONZE BEARING METAL 


Fineness 





is Acie | 
Constituent | Through | Through | Through 
| On No, 20 | No. 20; on | No. 40; on | No. 60; on 
| No.40 | No.60 | No. 100 
| | 





2 79.8 | 
9 13.5 | 
5.2 §.1 
4 | 1.4 
. 


16 | 4 





MONOTYPE METAL 





Fineness 





| = 
| 


‘or j > | 
Constituent Through Through Through 


On No. No. 20; on | No. 40; on | No. 60; on 
No. 40 No. 60 No. 100 








71.6 | 71.1 

19.1 | 19.3 

9. 2 9.4 
.07 . 08 








Each sample was put through appropriate sieves and the portion 
that are specified in the tables were analyzed for the constituents th’ 


are listed. 


The data presented in Table 1 show that very great differences mi! 
xist between the compositions of fine and coarse particles of samp!é 


of alloys, such as journal bearings, bearing metals, and type met 
in fact, the differences may be so great that material meeting a spe 
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ation might easily be rejected on the basis of an analysis made 
ely on the fine portions of the sample. For example, in the case 
the journal bearings the analysis of the coarse portion (on No. 20 
ye) passes the A. 8. T. M. chemical composition requirement as to 
1 70+1.5, Pb 2541.5, and Sn 5+ 0.5, while the portion that passes 
brouch the No. 80 sieve fails by a large margin. 
The data shown in Table 2 indicate that different sized particles of 
lovs, such as zine-base die-casting alloys, aluminum sand-casting 
oys, and duralumin do not show as great differences in composition 
are illustrated in Table 1. The distinctly higher iron content of 
He finer portions of the samples is, however, to be noted. In these 
gmples all particles which were sufficiently magnetic to be picked up 
by asmall permanent hand magnet were removed before making the 
Mnalyses, but this procedure is not a sufficient guaranty that the 
izher iron content of the finer portions may not be due to iron 
Sbraded from the cutting tools during preparation of the samples. 
The more significant point for the purposes of the present considera- 
fon, is that the coarse and fine portions of the sample do not corre- 
Spond in iron content. 


MTaste 2.—Variations in the compositions of fine and coarse particles of the same 
3 } 
sample 


ZINC-BASE DIE-CASTING ALLOYS 





Fineness 





Constituent Sample No. 1 | Sample No. 2 Sample No. 3 
| 

- | Through Through | —_ Through 

On No. 40 No. 40 No. 40 On No. 40 No. 40 





2. 95 











ALUMINUM SAND-CASTING ALLOY 





Fineness 
Constituent ay ee: 
: Through 
| On No. 14 No. 100 








DURALUMIN 


Fineness Fineness 
‘ Constituent 
Through 


10 < 
, No. 100 


No. 100 | On No, 14 


No. 14 Through 
| 








4.0 | . BE 0. 55 
.46 || Mg - 40 | 41 
49 
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Difficulties caused by segregation alone might be illustrated by, 
tin content of the zinc-base die-casting alloy No. 3. This alloy . 
cast as a slab (36 by 6 by 1 inch) and showed 0.3 per cent less tip (: 
as against 6. 0) in the middle than on the edge of the slab. 
The variations in composition shown by coarse and fine particle 
samples of cast iron and of ferrotungsten are shown in Table 3 
TABLE 3.—Variations in the compositions of fine and coarse particles of th 
sample 


CAST IRON 


(Free graphite blown out before sieving) 





Fineness 
Through Through | Throw 
No. 30, on ! No. 20, on | No. le 
No. 40 | No. 30 | 
| 


Percentage of total carbon 2, 04 | 


4 





FERROTUNGSTEN 


Fineness 





l [ 
| Through Through 
On No. 100} No. 100, on | No. 200, on 


Sample 
Throw fmm al’ 


| 





| No. 
No. 200 | No. 325 sl smal 
| 


Per cent W| Per cent W| Per cent W| Per cv 
A. a a a a ee eke 82.8 | 

B (100 pounds, as receiv ed). 77.6 80. 2 

B’ (90 pounds ground for 90 hours to pass ‘No. 325 sieve) ee ; 

B’’ (10 pounds residue reground).- A ee Ee, FORE ee meer 92.0 | 


In the case of cast iron, sampling for analysis is complicated \y 
the fact that while the fine particles of cast iron contain less carbo 
than the coarse particles, there is also present a goodly amount 
graphite which has been torn from all of the particles. 

The analyses of ferrotungsten illustrate difficulties that were « 
countered in the preparation of a standard sample of ferrotungste: 
Sample A was ground to pass a No. 100 sieve and when it wa 
thoroughly mixed and sampled no difficulty was experie a 
getting concordant determinations of tungsten that averaged 7 
per cent. The question of homogeneity was raised, however, ani 
the sample was sieved and the sieved fractions analyzed. The fractio! 
passing through a No. 100 and held on a No. 200 sieve showed 823 
per cent tungsten, while that passing a No. 325 sieve gave 71.6 pe 
cent tungsten. Its use as a standard analyzed sample was given 1 
because of the difference between the compositions of the particles 
In view of the difficulties that were incurred in the preparation 
sample A, sample B was sieved at the start and tungsten was deter- 
mined in each fraction. The results were as follows: The portico! 
held on a No. 100 sieve 77.6 per cent, the portion passing a No. 10) 
and held on a No. 200 sieve 80.2 per cent, the portion passing 4 
No. 200 and held on a No. 325 sieve 79.5 per cent, and the portio2 
passing a No. 325 sieve 70.4 per cent. As the fractions showed co2- 
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derable differences in tungsten content and no fraction was large 
ough by itself, it was decided to crush and sieve the material until 
host of it passed a No. 325 sieve. Ninety out of the original one 
undred pounds was so obtained and then thoroughly mixed and 
alyzed. The remaining 10 pounds were reground for a time and 
soved. The fractions of this 10-pound lot were analyzed as a matter 
b{ interest, but were not added to the standard. 


III. CONCLUSIONS 


© If the sampling of a metallurgical material gives rise to particles 
Bhat differ in size and in composition, the analysis must be made 
bither on a single piece, on the whole sample, on a carefully sampled 
portion of a specially prepared sample, or on a portion which is made 
p of proportionate parts of the varying sizes of the sample. As a 
reneral rule, a single piece can not be expected to represent the 
riginal material. Neither can a sample that is so small that all 
‘it can be taken for the analysis. If the whole sample is to be used, 
tis better as a rule to get enough sample to make it representative 
mod then to take an aliquot portion for analysis after dissolving the 
sample and diluting to a definite volume. If portions are to be taken 
from a large sample, the ideal sample is one in which there is no 
extreme variation between the sizes of the particles. If the particles 
are all comparatively small, a fairly representative portion for 
mnalysis can be obtained by spreading the sample out and taking 
mall dab portions as in assaying. If it is not feasible to obtain 
small particles, a more representative analysis is obtained in most 
cases by taking the sample so as to get as little fine material as 
possible, sieving or shaking out the fines, and choosing particles of 
i size that is commensurate with the degree of segregation in the 
material and the weight of the portion to be taken for the analysis. 
Such a procedure fails if the composition of the fines differs very 
markedly from that of the coarse particles (as graphite in cast iron) 
and the formation of appreciable amounts of fines can not be avoided. 
In this case as well as for the most accurate sampling of material in 
which the composition varies with the size of particles, it is necessary 
to separate the sample into three or more parts by sieving without 
loss by dusting, then to weigh each part, and to take a proportionate 
part of each for the analytical sample. This has long been the 
practice in umpire determinations of carbon in cast iron, although 
in this case it 1s usually inferred that the only reason for the pro- 
cedure is to take care of the accumulation of graphite in the fines. 


WASHINGTON, July, 1930. 








f RADIOBEACON AND RECEIVING SYSTEM FOR BLIND 
P LANDING OF AIRCRAFT 


By H. Diamond and F. W. Dunmore 


ABSTRACT 


A radiobeacon and receiving system is described for use at airports to permit 
ihe blind landing of aircraft under conditions of no visibility. The system 
| comprises three elements to indicate to the pilot the position of the aircraft as it 

gpproaches and reaches the instant of landing. Lateral position (that is, landing 
S field runway direction) is given by a small directive beacon of the same type as 
Pemploved for guidance on the airways, differing only in the use of smaller loop 
Pantennas and lower power. Longitudinal position along the runway (that is, 
nproach) is given by a marker beacon. Height is given by an inclined ultra- 
high-frequency radio beam, used in such a@ way as to provide a very convenient 
gliding path for the landing airplane, free of all danger from obstructions. 
| The same medium-frequency receiving set required for obtaining radiotelephone 
and radio range beacon service on the airways is utilized for receiving the runway 
localizing and marker beacon signals. The course indications of the runway 
localizing beacon are observed on the same vibrating reed indicator as employed 
n the main radio range beacon, automatic control of receiving set sensitivity 
being provided to maintain substantially constant reed deflections regardless of 
F ihe distance between airplane and transmitting station. The marker beacon 
indications are received aurally. A special high-frequency receiving set is 
required to receive the landing beam signals. The rectified output current of 
is set is passed through a d. ce. microammeter mounted on the instrument 
ard. By keeping the deflection of this microammeter at a fixed value, the 
ilot directs the airplane along the curved path coinciding with the line of equal 
intensity of received signal below the axis of the beam. The relative position of 
the airplane with respect to this convenient landing path is indicated by the rise 
r fall of the microammeter deflection above the fixed value. 
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I. INTRODUCTION 


This paper describes the research on a radio system for the bly 
landing of aircraft carried on in the research division of the Ae 
nautics Branch of the Department of Commerce at the Nation 
Bureau of Standards, during 1928 to 1930. 

The object of the research was to provide a simple and effectiy 
radio system which, when combined with the usual navigational » 
struments, would permit the safe landing of aircraft in fog or any 
condition of visibility or no visibility. This system was to be aday 
able for use in conjunction with the radio navigational aids bet 
provided for point-to-point flying on the civil airways of the Unite 
States. In accordance with the practice already adopted in th 
development of the navigational aids for the civil airways, all th 
complicated and expensive parts of the system were to be used on t}i 
ground, the equipment required on the aircraft being kept as simple x 
possible. 

The system developed fulfills these requirements. The pi 
receives the desired information with a minimum of effort on his part 
The additional equipment required on the aircraft (for use of the blin 
landing aids) is very simple, weighing approximately 15 pounds. 


1. THE NEED FOR THIS DEVELOPMENT 


The practicability of the use of directional radio as an aid to poi 
to-point flying has been demonstrated by nearly two years of hoe 
given by the radio range beacon system on the fixed airways. 
means of this system! the pilot can keep accurately on his cours 
know approximately the points he is flying over, and proceed w: 
erringly to his destination. Scheduled air transport operation is th 
immeasurably aided; many flights are made which could not possib! 
be made without the use of radio direction facilities. Nevertheless. 
interruption of scheduled flying is still the rule whenever the landin 
field lies in an area completely inclosed by fog. The results secur 
by the development of instrument flying and ‘Tadio nav igational 
are then nullified through the lack of means for sare landing at tl 
desired destination, under conditions of poor visibility. The syste! 
of radio aids to blind landing described in this paper removes this as 
great hazard to the reliability of airplane travel, and insures 1) 
rigorous maintenance of scheduled flying by day or night. 





J. UW. Dellinger and H. Pratt,  raiieaaiae of Radio Aids to Air Navigation, Proc. I. R. F., 16, | 
fale 1928. H.J. Walls, The Civil Airways and Their Radio Facilities, Proc. 1. R. E., 17, p. 21 4 I 
ber, 1990. J. H. Dellinger, 11. Diamond, and F. W. Dunmore, Dev es it of the Visual T) t 
beacon System, B.S. Jour. Research, 4 (RP159), p. 425; March, 1930; Proc. L. RK. E., 18, p. 796; M: i) 
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2. PREVIOUS WORK 


The present development differs from much of the earlier work in 
his field in its emphasis on directional radio transmission, thereby 
nplifying the receiving installation on the airplane. A system of 
‘nd landing aids must, in general, indicate to the pilot the position 
the aircraft in three dimensions as it approaches and reaches the 
stant of landing. In practically all previous experimentation this 
‘oblem has been resolved into two separate problems; namely, field 
Mcalizing and means for securing suitable height indication. 


(a) FIELD LOCALIZERS 


The arrangement usually adopted for field localizing has involved 
the use of “leader cables.” Typical installations are those of the 
British Government at Farnborough ” and of the French Government 
mt Chartres. The British installation employs a complete circuit 
Sround the landing field with a visual indicating device on the air- 
Slane instrument board. The French installation uses straight cables. 
Mhe Loth Co., of Paris, and several agencies in this country, including 
Rhe United States Air Corps at Wright Field, Dayton, Ohio, and 
Ahe Ford Motor Co. at Detroit, Mich., are experimenting with various 
Hrrangements employing leader cables. 

» An obvious disadvantage of the leader-cable method of field 
Jocalizing is its great cost. This method generally involved the bury- 
Sng of cables outside the limits of the landing field, thereby introducing 
Mthe expense of securing right of way, in addition to the actual cost of 
Sequipment and installation. 


(b) LANDING ALTIMETERS 


' In several of the leader-cable systems, the diminution of intensity 
Sof the magnetic field surrounding the cable for increasing distance 
Mfrom the cable is utilized for securing altitude indication. Theoret- 
Fically, the intensity of the magnetic field varies inversely as the height 
Pabove the cable. A suitable instrument on the airplane used for 
measuring the magnetic field intensity may therefore be calibrated 
tdirectly in height above ground. Accurate altitude indication is then 
sobtained, provided the airplane is neither banking nor turning when 
passing over the cable. This condition is rather difficult to achieve 
during blind flight, particularly since the airplane is at the same time 
being maneuvered to maintain a definite ‘‘course”’ in accordance with 
Ssignals received from the leader-cable system. A second difficulty 
Fcxlsts in the necessity for the instrument to have the same calibration 
for all landing fields. This requires close equality of the magnetic 
lield intensities at different installations, and also requires that no 
distortion of the shape of the magnetic field exist. 

The problem of securing reliable altitude indication, particularly 
during the last few hundred feet above ground, is a difficult one. 
The barometric altimeter, in common use on aircraft, is inadequate 
lor the purpose, since it indicates primarily air pressure and not 
height above the ground. 

kxperiments are being undertaken by a number of organizations 
voking toward the development by several means of altimeters indi- 
cating the absolute height above ground. One is the development 





h, J. Royal Aeronautical Soc., 30, p. 365; 1926 
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of a sonic altimeter.* The time taken by sound to reach the group; 
and return to the airplane is measured. Knowing the velocity ,j 
sound, the height of the airplane above ground may be determine 
Another device is the capacity altimeter * which measures the dis 
tance from the ground by detecting the change in the electric, 
capacity between ‘two plates on the airplane as the ‘airplane APproache 
the ground. 4 third method is by the use of direct reflection wit) 
radio waves.’ It is doubtful at the present time whether any ¢ 
these instruments will be sufficiently sensitive or accurate for making 
normal landings in dense fog. These instruments when ayvailabl: 
will, however, be exceedingly valuable in maintaining a safe altituds 
during point-to-point flying, and may prove of some service during 
landing operations, as will appear below. 


II. RADIO SYSTEM OF BLIND LANDING AIDS, FIRST 
ARRANGEMENT 


The success obtained with the radio range beacon system in its 
application to point-to-point flying early suggested its possibilities 
as a field localizer. With the main beacon used for guiding an ait. 
plane to a given landing field, a low-power beacon with small i 
antennas could be employ ed for marking out the major, or any 
sirable axis of the landing field. A low-power marker beacon cou 
then be used for defining ‘the hazard-free approach to the field (along 
the axis or runway selected), and for indicating the longitudinal po- 
sition of the aircraft along that runway. This system offered two 
outstanding advantages: (1) The same equipment required on the 
airplane for utilizing ‘the radio navigational aids on the fixed airways 
was sufficient for the reception of the signals from the runway local- 
izing beacon and marker beacons; (2) “the ground equipment was 
comparatively simple and inexpensive, a transmitter of moderate 
power for the runway localizing beacon being adequate for marking 
out a course for a distance range of approximately 15 miles. The 
marker beacon power requirements were also very small. In addi- 
tion, all apparatus could be kept within the confines of the airport. 


1. INSTALLATION AT COLLEGE PARK, MD. 


The bureau accordingly began the installation of a system of this 
type at College Park, Md., in order to test its practicability. 
series of flight tests demonstrated its complete feasibility for land- 
ing field localization. The problem of altitude indication still re- 
quired solution at the time of these early tests. 

Figure 1 illustrates the layout of the ground tansmitting equip- 
ment in this radio system for field localization. The 2 kw directive 
radiobeacon, with large loop antennas, shown at A, is the main 
radio range ‘beacon of the type provided by the United States De- 
partment of Commerce for point-to-point fiying on the fixed airways. 
This beacon is normally located just off the airport (so that the loop 
antennas may not constitute an obstruction to flying), and serves to 





3’ Das Behmlot und seine Entwicklung als akustischer Héhenmesser fiir Luftfahrzeuge, A. Behm, Hett. 
13, p. 56; May, 1926. Jahrbuch der Wissenshaftlichen Gesellsc haft fiir Luftfahrt. 

‘L. A. Hyland, True Altitude Meters, Aviation, 25, p. 1322; October 27, 1928. 

5 E. F. W. Alexanderson, Height of Airplane Above Pawn dy by Radio Echo, Radio Engineering, % 
pp. 34-35; February, 1929, 
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direct an incoming airplane to the vicinity of the airport. Utilizing 
the zero-signal zone directly over the beacon tower, it is possible to 
ocate this beacon to within 100 to 1,000 feet, depending upon the 
altitude of the airplane. The drop to zero vibration amplitude of 
the reeds on his course indicator, therefore, gives the pilot his exact 
Hocation with respect to the landing field and also with respect to the 
course radiated by the low-power (200-watt) runway localizing 
beacon B. The localizing beacon, using small loop antennas so that 
lit may be located at one edge of the landing field without constituting 
Fan obstruction, directs a course along the major axis of the field. It 
F operates on a radio-frequency separated by 50 to 60 ke from that of 
‘the main beacon A, thereby preventing interference from the main 
© beacon. 
F Upon receiving the zero-signal indication when directly over the 
tower of the main beacon, the pilot retunes his receiving set to the 
frequency of the localizing beacon and through the use of his compass 
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FicurE 1.—Layout of ground transmitting equipment for radio system of 
field localization 


and knowledge of the geography of the field, orients himself along 
the major axis of the field. The course indications received on the 
reed indicator greatly facilitate this maneuver. When crossing the 
boundary of the landing field a signal from the marker beacon C, 
operating on the same radio-frequency as the localizing beacon B, is 
obtained. 

_ Summarizing, the complete system provides course and position 
indication by means of the main beacon A, landing field runway 
direction by means of the localizing beacon B, and longitudinal 
position (that is, approach) along the runway by means of the marker 
beacon C. On the airplane a simple receiving set is sufficient to 
receive all these indications. If accurate indications of the abso- 
lute height of the airplane above ground could have been secured in 
the early tests, the complete information necessary for the blind 
unding of aircraft (in addition to that obtained from the flight in- 
struments) would have become available. 
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a) RUNWAY LOCALIZING BEACON 
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In the installation at College Park, the main beacon A and thy . 
localizing beacon B were of the visual type, the essential differene ea 0 
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Ficure 2.—Runway localizing beacon set-up, showing location 
of loop antennas, transmitting set, and power equipment 


between the two being the number of beacon courses radiated, thie 
power ratings of the final amplifying stages, and the dimensions 0! 
the loop antennas. A description of the visual-type beacon is givel 
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the third paper of footnote 1. This publication gives full details 
the transmitting system for the main radio range beacon. Some 
ea of the set-up required for the localizing beacon may be had 
om the three-dimensional view given in Figure 2. The two loop 
tennas, crossed at 90°, carry currents of the same carrier frequency 
it modulated to different low frequencies, 65 and 86.7 cycles, 
pspectively. These antennas are so oriented that the vertical plane 
ntaining the major axis of the landing field bisects the angle between 
Me two antennas. An airplane flying in this plane, therefore, receives 
bqual signals from the antennas. On either side of this plane the 
Sonal received from one antenna is greater than from the other. On 
He airplane a visual indicating instrument is employed,* consisting of 
vo vibrating reeds mechanically tuned to the two modulation fre- 
@uencies of the beacon and actuated by small electromagnets con- 
sected in the output circuit of the receiving set employed. When the 
beacon signals are received, the two reeds vibrate, comparison of their 
Relative amplitudes of vibration serving to indicate the relative 
Hmount of signal received from the two loop antennas. On course 
hat is, along the plane bisecting the angle between the two antennas) 
the reed vibration amplitudes are equal. Off the course they are 
hnequal, the reed vibrating with the greater amplitude being on the 
ide to which the airplane has deviated. Figure 3 illustrates how the 
feed indications appear to the pilot, (@) when off the course to the 
Je{t, (6) when on the course, and (c) when off the course to the right. 
By adjusting the time phase displacement between the carrier 
eurrents in the two loop antennas, the number of courses provided by 
the beacon may be made either two or four. The four-course arrange- 
ment is more convenient for use on the long-range beacons on the 
iixed airways. The two-course adjustment is, however, more desirable 
for the localizing beacon, since in coming in for a landing the presence 
{ the courses at right angles to the runway might prove confusing. 
i polar diagram corresponding to this adjustment, showing the rela- 
tive deflections of the two reeds comprising the course indicator as a 
function of angular deviation from the beacon course, is given in 
panes (b) BOUNDARY MARKER BEACON 
The marker beacon C consisted of a 50-watt transmitter feeding a 
mop antenna, oriented as shown in Figure 1. Modulation of the 
radiated wave to the desired frequency, 40 cycles per second, was 
obtained by supplying the transmitting tube with a plate voltage of 
4)-evycle frequency. On the airplane a 40-cycle reed indicator (see 
ig. 5) connected in series with the main course indicator, was em- 
ployed. The landing-field boundary line was thus defined by a zero 
signal zone, 2° or 3° wide. The pilot observed an increasing deflection 
of the marker beacon reed as he approached the edge of the landing 
lield, a decrease to zero deflection as he passed over the boundary line, 
then an increasing deflection as he came within the landing-field area. 


2. DEMONSTRATIONS BY GUGGENHEIM FUND 


_ The practicability of the system of field localization outlined above, 
in application to actual blind landings, was demonstrated by Lieut. 


the. . Dunmore, Design of Tuned-Reed Course Indicators for Aircraft Radiobeacon, B. 8. Jour. 
dvesearch, 1 (R P28); November, 1928. 
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J. H. Doolittle, of the Daniel Guggenheim Fund for the Promotii, 
Aeronautics, in tests carried on at Mitchel Field, Long Island, dy, 
July to December, 1929. During the latter part of 1928 the G 
heim Fund conducted an extensive survey of methods likely to Je): 
the solution of the problem of landing in fog. The Bureau of Stq; 
ards submitted a report to the Guggenheim Fund outlining essenti; 
the system described above, and volunteered to make an installai 
at Mitchel Field similar to the one already under way at Colle 
Park. Arrangements for this cooperation were made in Janyp 
1929, the bureau agreeing to install a runway localizing beacon ay, 


Ficure 4.—Polar diagram showing relative reed deflec- 
tions as a function of angular deviation from the 
runway localizing beacon course 


suitable marker beacon. An aural type beacon, installed by th 
United States Air Corps, was to serve as the main directiv? 
radiobeacon. 4 

The installation was completed in July, 1929, and was a matent 
factor in enabling Lieutenant Doolittle, seated in a complete! 
inclosed cockpit, to take off, circle the field, and make a satisfactor 
landing. A brief description’ of the method of landing employed 
considered of value here, particularly to serve as a basis of requir 


t} 


ments for a blind landing system, and also as a comparison with t!i 





7 A complete description is given in the following two pamphlets issued by the Daniel Guggenl 1m Fu 
for the Promotion of Aeronautics: (1) Solving the Problem of Fog Flying, 52-page pamphlet; Oct. 9, }- 
(2) Equipment Used in Experiments to Solve the Problem of Fog Flying, 57-page pamphlet; Mar. 14 
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Figure 5.— Marker beacon reed indicator 


Reed tuned to 40 cycles. 
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proved system of radio landing aids more recently developed by 
; Bureau of Standards at College Park, Md., and described in 
ption IIL below. 

(a) SPECIAL NAVIGATION INSTRUMENTS, ALTITUDE INDICATION 


7, addition to the means for receiving the directional radio aids 
ined, the airplane was equipped with standard engine and navi- 
Hon instruments, including tachometer, compass, bank and turn 
jicator, air speed indicator, altimeter, rate-of-climb indicator, and 
ee special instruments—an artificial horizon instrument, a direc- 
1al gyroscope, and a sensitive barometric altimeter with a range 
9.000 feet graduated in 10-foot intervals. 
The artificial horizon instrument gave at all times the attitude 
the airplane with respect to the true horizon. The directional 
roscope was employed to maintain a steady course or to change 
» course by any desired amount. Lieutenant Doolittle used this 
trument as an aid to flying on the localizing beacon course. He 
served a natural tendency, when the beacon course narrowed, to 
a zig-zag course, first on one side of the beam and then on the other. 
» was better able to approximate a straight line by utilizing the 
ectional gyroscope for making the necessary slight changes in the 
urse as indicated by the reed indicator. 
The sensitive altimeter was designed to secure height indications 
the maximum possible accuracy. Provision was made for adjust- 
nt of the altimeter in the air, for any apparent change in ground 
itude due to a change in barometric pressure, in accordance with 
ormation secured through two-way radio communication with the 
ound. In spite of these precautions, careful tests on the instrument 
dicated that a probable error of the order of 30 to 40 feet in reading 
solute height above the ground was still obtained. The procedure 
landing, therefore, resolved itself into maneuvering the airplane 
toa glide from a position in space of fixed bearing and altitude with 
spect to the landing field. The glide continued until contact with 
be earth was made, the oleo landing gear taking up the shock of 
butact. The lack of knowledge of the absolute height to the neces- 
ry accuracy prevented the usual ‘flattening out” in landing. 
The lessons learned from these demonstrations were many. Perhaps 
he most important was that the problem of securing suitable indica- 
ns of the true height above ground still required attention. The 
ed for two-way communication with the ground in order to correct 
e altimeter to the proper barometric pressure seemed excessive. 
:uddition, the absolute height could not be determined to the proper 
curacy. When developed, it is probable that one of the absolute 
pe altimeters, described in Section I above, would be preferable 
) the sensitive barometric altimeter for determining the altitude 
om which the glide should be started. The accuracy of height indi- 
ition would probably be increased thereby, and the need for two-way 
mmunication with the ground obviated. 


I. RADIO SYSTEM OF BLIND LANDING AIDS, IMPROVED 
ARRANGEMENT 


Meanwhile, in the experiments carried on at College Park, the 
- ¥ ° e 

bureau of Standards continued to work on improvements to the 
udio system of aids to blind landing. A general idea of the operation 
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of the improved system developed may be had by reference ty, 
three-dimensional 
tration shown jn 
ure 6. The main 
range beacon (A, fig 
is still employed, tho, 
not shown in Fioyp 
Lateral position (jj 
is, landing-field runy 
direction) is still giy 
by a runway localiz 
beacon, and _ longity 
inal position (that; 
approach) by a land 
field boundary-mar 
beacon. Numero 
improvements in 4 
operation and us 
these elements hy 
been effected. Them 
jor difference from th 
system illustrated 
Figure 1 consists int) 
means provided for {iy 
nishing to 
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Picture 7,—Landing beam transmitting system, showing electron-tube oscil- 
lator and directive antenna array 








Figure 8.—Bureau of Standards’ experimental airplane showing horizontal 


doublet antenna used for receiving the landing beam signals 
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FOG LANDING 
GLIDOMETER 


Figure 9.—Landing beam indicator used on the pulot’s 


instrument board to show the relative position of the 


airplane with respect to the proper landing path 














Ficure 10. Rough distance indicator used on the 
pilot’s instrument board to show the approximate 
distance of the airplane from the runway local- 


izing beacon transmitter 
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nmore 

pd is used in such a way as to provide a very convenient gliding 
th for the landing airplane, beginning at any desired elevation 

-ithin, say 500 to 5,000 feet) and at a corresponding distance from 
Phe landing field of 2 to 5 miles. Sixty-cycle modulation of the 
nding beam transmitter is provided to facilitate audio-frequency 
“gnplification at the receiving end. bd 
On the airplane, a special high-frequency receiving set is used for 
PPecoiving the landing beam signals. The signal current in the output 
Grcuit of the receiving set is rectified and passed through a d. c. 
jricroammeter mounted on the instrument board. The airplane does 
pot fly on the axis of the beam, but on a curved path under the beam 
whose curvature diminishes as the ground is approached. The path 
is the line of equal intensity of received signal below the axis of the 
beam. The diminution of intensity as the airplane drops below the 
Ppeam axis is compensated by the increase of intensity due to approach- 
ic the beam transmitter. Thus, by flying the airplane along such a 

ath as to keep the deflection of the microammeter on the instrument 
Bard constant, the pilot comes down to ground on a curved line 
Muitable for landing. Figure 9 shows the microammeter used for the 
Handing beam indications. To facilitate its use by the pilot this 
instrument is mounted on its side so that the pointer moves vertically 
father than horizontally. The deflection to be kept constant is 
ichosen at half-scale reading, the instrument pointer being then in a 
horizontal position. A rise of the pointer above this position indicates 
Hhat the airplane is above the proper landing path, while the reverse 
Hs true if the pointer falls below its horizontal position. The indica- 
‘tons of the position of the airplane relative to the landing path are 
Mthus made readily comprehensible. 

Several important advantages obtain for this method of furnishing 
altitude indication. The landing path may be so directed as to clear 
pl obstructions. The pilot following the landing path is automatically 
kept above obstructions and no longer needs a thorough knowledge 
o{ the terrain in order to effect a safe landing. Secondly, the landing 
peth may be of different shape to suit different landing fields. This 
is of particular importance in getting into a small field. <A third 
pivantage lies in the fact that in the act of following the landing path, 
the pilot automatically ‘‘levels off,” thereby facilitating a normal 
Handing, albeit somewhat fast. In following the landing path prior to 
receiving the marker beacon zero-signal zone, the pilot maintains an 
ir speed somewhat above the landing speed of the airplane, insuring 
complete controllability with some margin to spare. Upon receiving 
the marker indication that he is passing over the boundary of the field, 

le margin over the landing speed may be reduced. The landing is 
therefore made at a speed more nearly approaching the normal 
danding speed of the airplane. A fourth advantage is that the landing 
gude may be begun at any desired altitude, within a rather wide range 
say, 500 to 5,000 feet). A fifth advantage arises from the ease of 
using the landing beam indications. No manipulations on the part 
of the pilot are required. The tuning is fixed. Since a line of con- 


{ 
Blan 


it field intensity is followed no control of volume is necessary. 
2, EXPERIMENTS LEADING TO DEVELOPMENT OF LANDING BEAM 
A 


t 


this point, it may be of interest to describe the experiments 
ch led to the development of the landing beam. The object of the 
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first experiments along this line, early in 1929, was to mark out » 
equisignal path in space similar to that obtained with the visual-typ 
beacon, but making a constant angle with the horizontal; that is, yj; 

the eround. To this end the same transmitting set- -up as for th thy 
localizing beacon was employed, the two crossed loop antennas bei, 

turned over on their sides. This experiment proved unsuccess; 
because of ground reflection phenomena on the long waves yw 
(about 300 ke). 

The next step was to employ directed waves of higher frequencis 
Ultrahigh-frequencies, of the order of 60 to 100 megacycles, we 
chosen in order to reduce the size of the antenna arrays. Ty 
beams were required, both of the same radio-frequency but: ex¢} 
modulated to a different low frequency, and its axis making a differey: 
small angle with the horizontal. The equisignal zone would, ther. 
fore occur where the two beams intersected; that is, along a liy 
making an angle with the ground intermediate to the two angl 
formed by the axes of the two beams and ground. It was recognize 
that some difficulty would be met in setting up the transmitting ci. 
cult arrangement necessary for this system, on the ultrahigh-ir. 
quencies considered, since a common master oscillator feeding ty 
balanced amplifier branches, each modulated to a different. \o 
frequency, was required. Moreover, making use of the equisigai 
zone, once it was set up, would add another volume control for tix 
pilot to adjust as he approached the point of landing. The cor 
struction of suitable apparatus was, however, begun. 

It was at this stage of the development that one of the authors! 
conceived the idea of using only one high-frequency beam in the 
manner described in Section III, 1, thereby sitninatltie the tech: 
nical difficulties noted and at the same time idi | 
able gliding path for the landing airplane. The obvious simplific:- 
tion of equipment both on the ground and on the airplane led to th: 
adoption of this idea. 


3. OTHER IMPROVEMENTS 


(a) RUNWAY LOCALIZING BEACON 


The runway localizing beacon employed in the improved syste 
of blind landing aids, while still operating on the same principles 
previously, has been made considerably easier to use. In the install 
tion at Mitchel Field and the early installation at College Park 
the equisignal zone or course was found to be somewhat broad, 0! 
the order of 4° to 5°. The use of small, multiturn loop antenns 


rendered it somewhat difficult to obtain exact 90° electrical dis 


placement between the two. Some inductive coupling between the 


two antennas, therefore, existed, tending to broaden the course. The 
use of a small anticoupling device solved this difficulty, the width « 


the beacon course being reduced to 2°. 


At the receiving end, some difficulty in following the course ws 
experienced owing to the necessity for adjusting the receiving st! 


sensitivity as the airplane approached the beacon transmitter. Sine 


the beacon signals are followed from a distance of 10 miles from the 
transmitter to approximately 2,000 feet from the transmitter (th 
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point of landing), variations in the field intensity of the order of 50 to 
obtain. Continuous adjustment of the receiving set volume con- 
Grol was therefore necessary, in order to keep the reed deflections 
Uyithin scale. The pilot, in making a landing, is, however, concerned 
"ith so many things that keeping the necessary close adjustment 
"{ the receiving set sensitivity becomes a troublesome task. To 
Ppvercome this difficulty, an automatic volume-control device was 
Ueveloped for maintaining essentially constant receiving set output 
yoltage regardless of the magnitude of the input voltage. The use 
'>{ the runway localizing beacon thereby resolved itself simply to 
pbserving the course indications on the reed indicator and maneuver- 
“ne the airplane to keep on the course. 
-, The design of the automatic volume-control device was affected 
5, the type of boundary marker beacon used, as will appear below. 
HAt this point it is sufficient to note that it operates through rectifica- 
tion of the alternating voltage across the reed indicator terminals and 
application of the rectified voltage, after filtering, as a negative 


Mbiasing voltage on the grids of the radio-frequency amplifying tubes 
Fof the receiving set. An increase in the input voltage to the receiving 
“set normally tending to increase the voltage across the indicator 
“terminals is, therefore, accompanied by an increase in the negative 
Mbias on the radio-frequency amplifying tubes and, consequently, by a 
Meduction in the receiving set sensitivity such as to maintain sub- 
“stantially constant voltage across the reed indicator. 

' The provision of this automatic volume-control device made 
possible the addition of an important instrument on the airplane 
Hustrument board, giving the pilot information as to his approximate 
Pdistance from the localizing beacon transmitter. Since increasing 
Hnput voltage to the receiving set is accompanied by increasing nega- 
Hive biasing voltage on the grids of the radio-frequency amplifying 
Mubes, the deflection of a direct-current milliammeter connected in 
Mthe plate circuit of these tubes will decrease as the airplane ap- 
proaches the beacon transmitter. This meter (see fig. 10) may, 
rtherefore, be calibrated directly in approximate distance from the 
transmitter. Its calibration will hold roughly on different localizing 
‘beacons at different airports, provided these beacons are of approxi- 
mately the same power ratings. Its chief function is, however, to 
igive the pilot an added check that he is approaching or departing 
Hrom the landing field and should aid materially in avoiding con- 
fusion during blind flight. 


% 


(b) BOUNDARY MARKER BEACON 


In the first arrangement of blind landing aids, the boundary 
marker beacon signals were received on the airplane on a special reed 
indicator connected in series with the vibrating reed course indicator. 
Several factors. combined to point out that aural indication might 
prove preferable in this case. The pilot, during landing, must focus 
attention on a number of instruments giving continuous information 
ts to course, altitude of the airplane, air speed, etc. It was felt 
that he might easily miss the indications given by the marker beacon 
teed during the short period when he passed over the landing field 
oundary line. Aural indication would preclude this possibility. 
Aural indication also offered a further advantage. The ear is a 
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logarithmic device while the reed indicator has a linear respons 
Proper matching of the powers of the marker beacon and localiy», 
beacon, so that signals from the two may be received at a given j,i: 
or area for the same sensitivity adjustment of the receiving ge , 
therefore less exacting when aural marker beacon indications are ;», 
ployed. The marker beacon modulation was, therefore, chano; 
from 40 to 1,000 cycles to facilitate aural reception. 

A rather novel requirement comes up in connection with the us 
the marker beacon. It will be recalled that the runway local; 
and boundary marker beacons both operate on the same carrier ‘y. 
quency, and are both received simultaneously on the medium-ty. 
quency receiving set. Using automatic volume control, it is ». 
quired to hold the voltage across the vibrating reed course indies; 
constant, while the marker beacon signal must be permitted to yy 
through a minimum. This requirement was met through the use ; 
a filter circuit arrangement connected in the receiving set outy,: 
which served to direct frequencies below 200 cycles to the reed inj. 
cator and frequencies above that value to the head telephones. 1); 
automatic volume control device is connected across the reed inj 
cator terminals as before and, consequently, is operated only by {! 
signals from the localizing beacon (no voltage of 1,000-cycle {.. 
quency appearing across the indicator). The 1,000-cycle mary 
beacon signal heard in the head telephones, since it does not aff 
the automatic volume control device, is therefore permitted to var 
through a minimum, as required. 







































4. USE OF THE IMPROVED SYSTEM 










Having outlined the function of each element of the complete s+ 
tem of blind landing aids, it is desirable at this point to consider ‘! 
apparatus required on the airplane for making use of these «il: 
Figure 11 shows a complete airplane installation. The medium-t- 
quency receiving set A, using mast antenna B, is normally eniplo 

for the reception of the weather broadcast and radiobeacon services 
This set is also used for receiving signals from the runway localizi: 
and marker beacons. To the output of this set is connected th 









| 


filter unit C which directs the main and localizing beacon signals ' 
the reed indicator D, and the boundary marker beacon signals to t: 
head telephones. The automatic volume control device E is cor 
nected across the reed indicator terminals, its operation serving | 
maintain substantially constant reed deflections and at the same ti 
governing the scale reading of the instrument /’, which indicat# 
roughly the distance from the beacon transmitter. 

The receiving set for the reception of the ultrahigh-frequen 
landing beam signals consists of a detector unit G mounted in ‘ 
stream-lined housing which supports the receiving dipole anten 
structure H. J is the amplifier-rectifier unit. The rectified outp\ 
‘urrent is fed to the landing beam indicator J. The remote con 
panels for the medium-frequency and ultrahigh-frequency sets ¢ 
shown at K and L, respectively. AZ contains the batteries neces: 
for operating these sets. 

The instrument. board on the bureau’s experimental airplan 
shown in Figure 12. The reed indicator is shown at A, the lana 
beam indicator at B, and the rough distance indicator at C. At+ 
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FiGgurE 12.—IJnstrument board on Bureau of Standards’ experimental ai- 
plane, showing vibrating reed-course indicator A, landing beam indicat 


B, rough distance indicator C, and landing beam runway set control and tes! 
panel D 
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< shown the control panel for the landing beam receiving set. The 

introl panel for the medium-frequency receiving set is not shown. 

» Let us now consider the operations required on the part of the 

pilot in making a blind landing. It is assumed that the information 

Dpecessary for maintaining the airplane in stable flight is available 

“Yhrough the use of suitable flight instruments. The medium-tfre- 

Nguency receiving set 1s tuned to the frequency of the main radio range 

“Deacon (say, 280 ke) and indications as to the correct course leading 

‘4o the vicinity of the airport observed on the reed indicator. Since 

‘automatic control of volume is provided, these course indications are 

‘available to the pilot without manipulation on his part. 

! Upon receiving the zero-signal indication when directly over the 
ower of the main beacon, the pilot retunes the medium-frequency 
eceiving set to the frequency of the localizing beacon (say, 330 kc) 
snd throws a switch which places the landing beam receiving set in 
peration. ‘These are the only adjustments of radio equipment re- 
yuired of the pilot during the entire landing maneuvers. The reed 
idicator now furnishes information as to the landing field runway 
firection, the provision of automatic volume control again relieving 
he pilot of the necessity for adjusting the receiving set sensitivity 
or variations in the distance between the airplane and the localizing 
beacon transmitter. The pilot next orients himself along the major 
axis of the landing field utilizing his compass indications, together 
vith his knowledge of the geography of the field. As noted in con- 
ection with Figure 1, the reed indicator aids considerably in this 
maneuver. The airplane may be kept at any altitude within, sa 
500 to 5,000 feet. From time to time the pilot glances at the aah 
distance indicator and endeavors to get on the runway course at a 
point approximately 5 to 10 miles distant from the landing field. He 
now directs his airplane along the runway course and in the direction 
f the landing field, glancing occasionally at the landing beam indi- 
ator. When approximately half the distance to the field is covered, 
he pointer of the landing beam indicator begins to rise to midscale 
or horizontal position. When this position is reached, the pilot 
knows that he 1s at a point on the gliding path. To follow the glid- 
ing path he must maneuver the airplane to keep the pointer in the 
horizontal position. A pointer position above the horizontal indi- 
cates that the airplane is above the proper landing path, while the 
reverse is true if the pointer swings below the horizontal position. 

It is necessary now that the pilot keep accurately on the runway 
beacon course, at the same time following down on the landing path. 
To facilitate this, he may reduce the airplane engine speed so that 
the air-speed indicator registers about 5 miles above the normal land- 
ig speed of the airplane. This also helps during the actual landing, 
ts will appear below. The accuracy to which the runway beacon 
course should be followed is of the order of +3°. This is necessary 
in order that the landing beam may be encountered head on; other- 
wise, a landing path somewhat steeper than the one desired would 
be followed. It should not prove difficult, however, to follow the 
course to the necessary accuracy, since a deviation of +1° may be 
observed on the reeds. It is felt that after some training a pilot may 
‘correct any tendency to fly a zigzag course by flying slightly off course 
and gradually bearing in toward the course. 


 ¢ 
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Some distance from the landing field boundary line the pilot hecjp, 
to hear a 1,000-cycle signal from the boundary marker beacon. 1}; 
signal increases gradually, reaches a maximum, then decreases ; 
zero, and begins to increase again. The instant of zero signa! defing; 
the landing field boundary line, and for a given field informs the pile 
that he is at a definite distance above ground. Neither point , 
information is, however, essential to the pilot. The chief functioy 
the boundary marker beacon is to establish a transition period aft, 
which the landing beam indications become of primary importany 
He may now throttle down his engine to landing speed and maneuyy; 
his airplane to follow the landing path accurately to the point ( 
landing. 

In the foregoing analysis the direction of the wind has been x. 
sumed such as to permit landing along the major runway of the field 
and in only one direction along that runway. The system as «. 
scribed, therefore, does not take into account the important factor «i 
wind direction. While it is rare that dense fog is accompanied by; 
strong wind, blizzards and blinding snow storms often offer as greit 
limitations to visibility as fog. The factor of wind direction can noi, 
therefore, be neglected in the general problem of blind landing. 

Developments now in progress with a view to making possi}j 
landing into the wind regardless of wind direction, will be consider: 
below. 

5. FURTHER DEVELOPMENTS 


In addition to the work on expansion of the system of blind landiy 
aids to take care of wind direction, other experiments are in progres 
at College Park looking toward still further simplification of the 
use of the system. 

(a) RUNWAY LOCALIZING BEACON 


Since indications of the position of the airplane with respect 1 
the proper landing path are given the pilot by an instrument of tli 
pointer type, it may prove desirable to furnish the localizing beaco- 
course indications on the same type of instrument. An instrumett 
of this type has been developed, and numerous successful fligli 
tests made. Whether it will prove superior to the reed indicator {0 
use on the localizing beacon is now being determined. The insiri- 
ment developed is of the zero-center type (see fig. 13), the move 
ment of the pointer of this instrument from the zero-center positio 
serving to indicate deviation to the left or right of the runway beaco1 
course, aS the case may be. The operation of this instrument de 
pends upon the separation of the two frequencies of the double 
modulation signal received from the runway localizing beacon (by 
means of a suitable filter circuit arrangement connected in te 
receiving set output), rectification of the separated signals, and th 
application of the resultant rectified voltages in opposition acros 
the instrument terminals. When the two modulation signals are ¢! 
equal intensity, as is true on the beacon course, the net voltage a) 
plied to the instrument is zero. The instrument pointer then assunits 
its zero-center position. An increase in relative magnitude of 0 
signal over the other operates to deflect the instrument pointer 1! 
one direction or the other, depending upon which signal is the stronge! 
The direction of movement of the pointer may be made to correspou! 
to the direction of deviation of the airplane from the runway cows 
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FIGURE 13.—Pointer type localizing beacon course indicator 
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Figure 14.—Combined instrument giving indications of 


the relative position of the airplane with respect to the 
runway and also with respect to the high-frequency 
landing beam path 
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The use of this instrument presents a number of advantages, and 
39 a number of disadvantages, over the use of the reed indicator. 

mong the advantages is included the fact that the course indica- 

ons become considerably sharper, a deviation from the course of 
he order of +0.25° being rea aay detected. A second advantage 
ihat the sharpness of course is adjustable at the receiving end, 
nd may, therefore, be set at a value found most suitable in actual 
se, Another advantage is that, since the landing beam and run- 
ay localizing beacon indicators are now both of the same type, 

he two may be combined into a single instrument. (See fig. 14.) 
ie resultant simplification is very similar to that obtained by com- 
ining rate-of-climb and bank indications in the artificial horizon 
nstrument. Referring to Figure 14, the small airplane i in the center 

mounted on the pointer of the zero-center instrument connected 
the output of the localizing beacon receiving set. This small air- 
lane moves to the right or left of its central position, depending 
bpon the direction of deviation of the airplane in flight from the 
unway course. The second small airplane shown on the instrument 
ace is mounted on the pointer of the landing beam indicator, and 
mnoves vertically above or below its central position depending upon 
he position of the airplane in flight with respect to the landing path. 

ing landing the pilot maneuvers his airplane to keep the two 
iniature airplanes, on the instrument face, exactly over each 
ther and in the central position. 

A modification of this indicator face is shown in Figure 15. The 
mall airplane attached to the pointer of the landing beam indicator 
s here replaced by two yellow ® dots. Two reference lines are pro- 
ided on the face of the instrument, the white vertical line indicating 
he position of the runway, and the yellow horizontal line the position 
{ the landing path. The position of the airplane during landing 
vith respect to the runway is shown by the relative position of the 
shite minature airplane with respect to the vertical white line. 
‘imilarly, the position of the landing airplane with reference to the 
roper landing path is shown by the relative position of the two 
cllow dots with respect to the horizontal yellow line. The indica- 
ions in A show that the airplane is on both courses, while the indi- 
tions in B show that the airplane is too far to the left and too 

igh. 

“Among the disadvantages introduced through the use of the 
winter-type instrument for securing localizing beacon-course indica- 
tions is that this type of instrument does not possess the feature of 

ectivity and consequent freedom from interference inherent in the 

ed indies ator. This disadvantage may be compensated for to some 
tent by increasing the power of the localizing beacon. A second 

sadvantage is evident from a study of the polar diagram given 
oF igure 4. If the small lobes shown are at all irregular, apparent 
ourses may be obtained in a direction at right angles to the desired 
inway. ‘This would be more serious with the pointer-type instru- 
ent than with the reed indicator, since the former depends only 
upon the balancing of the two modulation signals regardless of magni- 
tude, while the reed deflections on these apparent courses would be 
00 small for use. 


Figure 15, yellow color i is denoted by crosshatching, 
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Ficure 15.—Modified face for combined localizing 
beacon and landing beam course indicator 
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System for Blind Landing of Aircraft 
(b) BOUNDARY MARKER BEACON 


» A second field for investigation is the question of the best type of 
Marker beacon signals to be furnished to the pilot. In the first 
Feystem of blind landing aids, a 40-cycle reed indicator was employed 
Hor this purpose. It was later felt that aural indication would be 

referable, since it would prevent any possibility for the pilot to 
miss the marker beacon indication during the short period when he 
assed over the marker. So many factors enter into consideration, 
jowever, that it is difficult to arrive at a definite decision as to whether 
‘ural indication is entirely satisfactory. With the present trend 
‘oward combined passenger and mail transportation, it is not possible 
Mo visualize the exact conditions on the airplane of the near future. 
Probably the copilot, who would also be the radio operator, will 
‘receive all voice and code messages, including weather reports, while 
‘the pilot will use radio only as a navigational aid. In that event, 
5t would be unnecessary for the pilot to use head telephones except 
5{ the landing field boundary marker indications were aural. Visual 
indication, of the nature of a flashing light, such that the pilot could 
mot miss the indications, would then perhaps be preferable. The 
complete system of radio navigational aids would then be furnished 
the pilot by visual indicating devices only. 


(c) EXPANSION OF SYSTEM TO TAKE CARE OF WIND DIRECTION 


| A number of possible arrangements of the system of blind landing 
aids outlined above, whereby wind direction may be taken into 
account, are available. The problem is to determine the most 
economic arrangement; for example, it has been suggested that the 
ocalizing beacon and landing beam transmitters may be buried in 
he center of the field and oriented into the wind at all times by 
remote control from the operations office, or even automatically. 
Aside from the technical problems involved, the provision of a 
sufficiently large waterproof room with sturdy roof construction 
evel with the surface of the ground, so that an airplane might roll 
over it, seems economically unfeasible. A second arrangement, 
somewhat less expensive, would be to mount the localizing beacon 
and landing beam transmitters on a truck, with provisions for 
operating the equipment from the 60-cycle supply used for the land- 
ing field boundary lights. Service into the wind could then be fur- 
ushed by moving the truck to the proper position just off the field. 
In addition to the consideration of costs, each of the two arrange- 
ments noted is open to the objection that the landing beam trans- 
mitter would require special adjustment in each new position. The 
shape of the landing path should be convenient for landing and at 
he same time insure the clearance of all obstructions. Since the 
obstructions are quite different when coming into the average land- 
ing field from different directions, the need for the adjustment of 
the landing beam transmitter is apparent. 

Perhaps the most feasible arrangement is the one shown in Figure 
16. The transmitting equipment for both the localizing beacon 
aid landing beam is so simple that the duplication shown- appears 
warranted. It is estimated that the commercial cost of the complete 
istallation would not exceed $15,000. An obvious advantage is 
that the equipment once set up remains in permanent adjustment. 
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Referring to Figure 16, the beacon arrangement shown js {o;, 
3-runway field. Three-runway localizing beacons, A, B, and ¢ 
and six landing beam transmitters, D, E, F, G, H, and J, are requir 
Only three boundary marker beacons, J, K, and L, are necessgy 
since the drop in reed deflections directly over the localizing begcoy: 
A, B, and C, may be used for that purpose in the three remainiy 
positions where marker beacons are required. At any given tip, 
but one localizing beacon, one landing beam transmitter, and oy, 
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Fiaure 1¢6.—System of blind landing aids necessary to take care of wind 
direction on a 3-runway airport 


boundary marker beacon, are in operation, being so chosen 3s t 
require landing into the wind. In practice, this system would pro 
ably be used in the following manner. The radio operator or reselvé 
pilot on an airplane approaching the field on a course of the mall 
radio range beacon M, reports to the traffic control officer at 0 
field (by radio) that the pilot wishes to land. The traffic cont 
officer then informs him of the wind conditions at the field and t 
direction in which to land. He may also require that the airpla! 
be maintained at a specified altitude in order to permit other 





Diamond) System for Blind Landing of Aircraft 917 
planes to land. This information is relayed to the pilot, who con- 
tinues on the main radiobeacon course, at the specified altitude, 
yntil the drop in deflection of the reed indicator shows that he is 
passing over the main beacon tower. He then tunes the medium- 
frequency receiving set to the runway localizing beacon and, know- 
ing the location of the main beacon relative to the field, heads the 

airplane on the compass course necessary to follow the particular 
F jocalizing beacon in operation, in accordance with the information 
‘received from the traffic control officer. The pilot continues to 
' travel back and forth along this course at the designated altitude, 
' keeping the position of the field in mind by the zero deflection of the 
' reed indicator each time the airplane passes over the localizing beacon 
"transmitter. When orders are received to land, the radio operator 
‘relays the message to the pilot, who follows the localizing beacon 
course until he is about 5 miles away from the field in the proper 
' direction, makes a 180° turn so as to head toward the field, places 
' the landing beam receiver in operation, and proceeds to land in the 
| manner described in Section III, 4, in connection with the single 
' runway system. 


IV. DESCRIPTION AND OPERATION OF APPARATUS 


In the analysis given above, only such general details of the trans- 
mitting and receiving equipment have been introduced as were 
necessary to the understanding of the system as a whole. In this 
section the component parts making up the complete system are 
described in some detail. 


1. RUNWAY LOCALIZING BEACON 


This beacon was briefly described in Section II above. It is essen- 
' tially a 200-watt, double-modulation beacon, employing small loop 
antennas so that it may be placed near the landing field without 
constituting an obstruction to flying. The course indications on the 
airplane may be obtained either on a reed indicator or on a zero-center 
pointer-type instrument. For the first case the modulation fre- 
quencies used at the beacon are 65 and 86.7 cycles, respectively; in 
the second case, 60 and 500 cycles, respectively. The beacon appa- 
ratus is housed in a 2-story shed located on the border of the landing 
field and in line with the runway along which the course is to be 
directed. (See fig. 2.) The transmitting set and machinery are 
shown on the first floor and the transmitting loop antennas on the 
second floor. These antennas consist of seven turns of wire wound on 
frames 6 by 8 feet, the turns being spaced 4 inches apart. 

The transmitting set is shown in Figure 17. This transmitter is 
provided with a 250-watt power amplifier stage in each amplifier 
branch, but these stages were not used except in the early tests. The 
actual transmitting circuit arrangement employed is shown in Figure 
18. To simplify apparatus, the transmitter is coupled to the antenna 
system through two coupling transformers, C and D, rather than by 
means of the goniometer employed in the usual radio range beacon 
set-up. The variometer £ serves to neutralize any residual inductive 
coupling between loop antennas A and B. 





918 Bureau of Standards Journal of Research [Vas 


2. BOUNDARY MARKER BEACON 


The boundary marker beacon is shown in Figure 19. The tran. 
mitting loop antenna consists of 10 turns’spaced 4 inches apart anj 
wound on a wooden frame 6 by 8 feet, the plane of the antenna bein 
so oriented that the minimum signal zone coincides with the landin: 
field boundary line. In addition to the loop antenna, there are ty; 
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Figure 18.—Transmitting circuit arrangement for runway localizing 
beacon 


small weatherproof boxes which contain the power supply unit and 
the transmitting set. The power supply unit is a converter |0! 
changing from 60-cycle to 500-cycle supply. The transmitting set 
employs two 50-watt tubes excited alternately from a 500-cycle plate 
supply transformer and feeding a common oscillatory circuit, coupled 
inductively to the loop antenna. (See fig. 20.) The tube filaments 
are also supplied from the 500-cycle source through a suitable winding 
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Figure 19.—Transmitting system for airport boundary marker beacon 
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the 500-cycle transformer. Due to the alternate excitation of the 
5) watt tubes, the resultant modulation has a frequency of 1,000 
fcyeles. The boundary marker beacon operates on the same carrier 
Hrequency as the runway localizing beacon (330 kc). 
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FicurE 20.—Transmitting circuit arrangement for airport boundary 
marker beacon 


3, RECEIVING SYSTEM FOR LOCALIZING AND MARKER BEACON 
SIGNALS 


When the vibrating reeds are used as the course indicator on the 
tunway localizing beacon, the receiving system on the airplane is as 
sown in Figure 21. The filter unit serves to direct the reed fre- 
juencies to the reed indicator and the 1,000-cycle marker beacon 


‘gnals to the head telephones. The automatic volume control is 
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Ficure 21.—Circuit arrangement for receiving runway localizing and marker beacon signals when reed indictor is used for runway course 


indications 


connected across the ree 
indicator terminals and 
consequently, is actuate; 
only by the localizing bes, 
con signals. The 1,000. 
eycle marker beacon 
signal is therefore per 
ted to vary thresh 4 
minimum even though 
the receiving set output 
voltage (in so far as the 
reed indicator is cop. 
cerned) is maintained sy} 
stantially constant. 
The operation of the 
filter unitis best seen fro; 
a study of the graphs 
in Figure 22. Graph 4 
shows the variation of th; 
ratio of input voltage ap 
plied to the filter unit io 
output voltage across th 
reed indicator as a func. 
tion of frequency. Cut 
off is arbitrarily assumed 
at a value of 10 to 1 fa 
this ratio, corresponding 
to 20 decibels. Note tha: 
cut-off occurs at a fre- 
quency of 425cycles. T 
1,000-cycle marker bev- 
con signal is_ therefor 
excluded from the input 
circuit of the automat 
volume control uni 
Graph B shows the vari- 
tion with frequency of t 
ratio of input voltage ap- 
plied to the filter to out- 
put voltage across thi 
head telephones. Cut-o! 
occurs at 140 cycles. ™ 
low-frequency reed s 
nals (65 and 86.7 cycles 
are, therefore, not heard 
in the head phones. The 
marker beacon signal |s, 
however, received. [2 
addition, code and intel- 
ligible speech may be 
received without adjust- 
ment of the filter untt. 
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his is of advantage when the receiving set is used to obtain aural 
adio range beacon and radiotelephone service on the fixed airways. 
raph ¢ C shows the variation of the input impedence of the filter 
nit with frequency. This matches quite well the output imped- 
nce of the receiving set employed except in the narrow band, 125 

» 300 cycles, which is unimportant. 

The operation of the automatic volume control unit in conjunction 
vith the particular receiving set used may be obtained from a study 
pf the graphs in Figure 23. Graph A shows the variation of output 

ltage across the reed indicator with input voltage to the receiving 
et when no provision is made for automatic control of volume. 
raph B shows the voltage across the reed indicator as a function of 
he input voltage to the - receiving set when the automatic volume 
ontrol connection is used. The variation of the plate current supply 
o the radio-frequency amplifying tubes as a function of the receiving 
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Figure 22.—Performance characteristics of filter unit 


et input voltage is plotted in graph C. For a beacon station of 
sven power, the instrument reading plate current supply may, 
therefore, be calibrated directly in distance 

When the zero-center pointer type instrument is employed as‘ the 
nnway beacon course indicator, a filter-rectifier unit is required at 
tue receiving end for separating the two frequencies of the double- 
nodulation signal received (60 and 500 cycles, respectively), then 
nctifying the ‘separated signals and applying the resultant rectified 
voltages in opposition to the instrument terminals. The circuit 
wangement for this unit is shown in Figure 24. The receiving set 
wutput signal is fed to terminals AA of this unit, the automatic 
rolume control unit being connected across AA. Referring to 
figure 24, the double-modulation signal is resolved into its com- 
ponent frequencies through circuit BC, voltage of 500-cycle frequency 
eng applied to rectifier D, and voltage of 60- -cycle frequency to 
netifier i. The rectified output voltages from D and E are applied 
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in opposition across instrument fF’ by means of the potentiomete; ¢ 
the sliding contact H serving to balance the outputs so that i 
pointer of instrument F' will be in zero-center position when the ty, 
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Figure 23.—Performance characteristics of automatic volume control unit 


modulation frequencies are of equal intensity. The switch J permit 

the reversal of the instrument terminals, in order that the deflectio 

cf the pointer to the left or right of center may correspond to th 

direction of deviation from the course, whether flying ‘‘to”’ or “fron 
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FicureE 24.—Circuit arrangement for filter-rectifier unit used with poinier 
type localizing beacon course indicator 


the beacon. The indicator F may be made to give any sharpness 
course indication above +0.25°, by varying the intensity of the 
signal delivered to the terminals LZ. The series resistance 
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pnmore 


vided for this purpose. This arrangement permits the use of 
he same automatic volume control and setting (in parallel with AA) 
is used for the reed indicator when receiving signals from the main 
,dio range beacon. 

4. LANDING BEAM 


The use of the landing beam was outlined briefly in Section III 
ove. The function of the landing beam is to furnish a pilot with 
he necessary vertical guidance to permit landing under conditions 
‘no visibility. It consists essentially of a horizontally polarized 
am directed at a small angle above the horizontal, this angle and 
he degree of directivity being so adjusted that a predetermined line 
‘constant field intensity will mark out just the proper gliding path, 
earing all obstructions and convenient for landing. In the set-up 
College Park, Md., the beam is transmitted on a frequency of 
2700 ke (3.2 m) and is oriented in the same horizontal direction as 
he course of the runway localizing beacon. The beam transmitting 
vstem is shown in Figure 7. On the airplane, a horizontal dipole 
ntenna feeding a detector-amplifier-rectifier unit is employed for 
ceiving the landing beam signal. As will be evident below, the 
ceiving equipment constitutes essentially a vacuum tube voltmeter 
rangement for exploring the field intensity in different portions 
if the landing beam. 
(a) THEORY OF OPERATION 


The polar diagrams of Figures 25 and 26 show, respectively, the 
wnzontal and vertical directive characteristics of the landing beam. 
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FicurE 25.—Horizontal directive characteristic of the 
93,700 ke landing beam 


leferring to Figure 25, and recalling that an airplane is kept along 
te axis of the beam (in the horizontal plane) by means of the runway 
lealizing beacon, it will be observed that a deviation from the 
tuway course of + 6° will result in but a 5 per cent drop in the 
linding beam signals. Since the reed indicator detects a course 
ieviation of +1°, it may be concluded that an airplane can readily 
directed in a horizontal plane, head-on with the beam. In the 
iulysis which follows it will be assumed at all times that the air- 
jane is along the line of maximum intensity in so far as the hori- 
wntal characteristic is concerned, 


11295°—30——10 
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Consider now the vertical directive characteristic shown in FigyJilmy: | 
26. An airplane flying 1 in a straight line from B to A directly | int riz 
the region of maximum field intensity of the beam receives a signiiliyual 
which increases inverse sly as the distance from the beam transmitte/immder, 
Such a rate of increase in received signal is of little help in landip, . 
Suppose, however, that the airplane is directed into the beam alon 
the line OC, until position G is reached, at which point the indica; 
instrument on the airplane reaches half-scale deflection. At a poy 
directly above G, this deflection increases, since the airplane 
nearer the line of maximum intensity of radiation of the beam, 

a point directly below G, the deflection decreases, the airplane poy 
being farther from the line of maximum intensity of radiation. 1), 
instrument deflection thus increases or decreases with any increy 
or decrease in the altitude of the airplane about the point G. If, now 
a straight line were followed from G to A, the indicating instrume 
pointer would soon go off scale due to the approach of the receiviy 
system to the transmitting source. However (and this is the bas 
of operation of the system), by dropping away from the line of max 
mum intensity of radiation as A is approached, the instrumen 
pointer may be held at the half-scale deflection position at all time 
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RADIATION 





7 y 
LINE, OF CONSTANT GROUND 
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FIGURE 26.—Veriical direetive characteristic of the 98,700 ke landing bean 
showing landing glide path 


since the increase in signal due to the fact that the airplane is nearin 
the source A is continuously compensated for by a correspondin 
decrease in signal due to the angular departure of the airplane fron 
the line of maximum intensity of the beam. The path followed by 
holding the instrument pointer constantly at half-scale deflection: 
indicated by the dotted line GA. Obviously this is a line of const 
field intensity of definite magnitude. By properly orienting th 
beam vertically and giving it the proper degree of directivity, tl 
line of constant field” intensity may be made to coincide with th 
landing path normally followed by a pilot in clear weather. 

This glide curve or landing path may be derived from a preg 
combination of two graphs, one of which shows the inverse vuriatl 
of field intensity with distance from the beam transmitter, and 
other the polar curve showing the beam directivity in the vertics 
plane. Referring to Figure 27 which shows the same vertical chara 
teristic as Figure 26, the line of maximum intensity of radiation | 
the beam (OK) makes an angle of 8° with the horizontal. Assum 
that the field intensity at a point located on this line and 2,000 lec } 
horizontally distant from the transmitter is 2,000 (in arbitran 
units 3 This corresponds to the magnitude OK. Then the fiel 
intensities at points the same horizontal ‘distance from the transmittal 


Ww 


LANDING OFAM 





10 These units are chosen to correspond to the reading of the landing beam indicating instrument! Q | 
microamperes, This assumes that the detector-amplifier-rectifier is essentially linear in operation. " 
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; located on lines making, respectively, 4°, 2°, and 1° with the 
zontal, correspond to the magnitudes OL, OM, and ON, and are 
mal to 1,840, 1,600, and 1,200 (in the same arbitrary units). Con- 
or. now, the variation of field intensity, along each of the lines 
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FiaurE 27.—Vertical directive characteristic of the 
93,700 ke landing beam giving experimental data 
used in the graphical determination of the landing 
glide path shown in Figure 29 


nsidered, for increasing distance from the transmitter. The graphs 
responding to the lines making 8°, 4°, 2°, and 1° with the horizontal 
r shown, respectively, by K, L, M, and N in Figure 28. In each 
sxe the field intensity is an inverse function of the distance. To 





1 = 250} ALTITUDE: 
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CHANGE IN FIELD iSITY WITH OISTANCE. 
IN DIFFERENT PARTS OF THE 93,700 kc (LANDING ) BEAM. 
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Figure 28.—Graphical method of determining landing glide path from the 
data given in Figure 27 


é 


ietermine the shape of any line of constant field intensity it is now 
‘mply necessary to draw a horizontal line, such as ST corresponding 
0 the intensity desired (250 in this case, half-scale reading of the 
meroammeter used in practice), determining the horizontal distance 
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re 
{} 


from the transmitter corresponding to the points of intersection 
this line with the graphs Kk, L, M, and N, and computing the heig 
of these points above the ground from the relation 1 


h=dz tan 0 
where 
h is the height above ground in feet, 
d the horizontal distance from the transmitter in feet, 
6 the angle between the lines OK, OL, OM, ON (fig. 27), ay 
the horizontal. 


Four points on the graph shown in Figure 29 are thereby determina 
This is the landing path which it was required to find. 

A second method for determining the glide curve corresponding { 
a given field intensity is indicated in Figure 30. The field intensitj 
are plotted as abscissas and altitude of the airplane as ordinates 
each 1,000 feet of distance from the beam transmitter. The dat 
plotted were obtained experimentally, the field intensity bei 
measured in terms of the deflection of the landing beam indicat; 
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Figure 29.—Landing glide path derived from data given in Figure 27 


It will be observed that a pilot coming in at an altitude of 1,000 fee 
will observe half-scale deflection of his instrument (250 ua) at 
distance of approximately 9,000 feet from the transmitter. If bh 
then follows the line of constant field intensity corresponding t 
half-scale deflection on his instrument, he reaches an altitude of | 
feet at a distance of 2,000 feet from the beam transmitter. This} 
actually the point of contact of the airplane with the ground, th 
receiving antenna being mounted on top of the airplane, 10 feet froz 
the ground. 
(b) DIRECTIVE TRANSMITTING ANTENNA SYSTEM 


An ultrahigh frequency was chosen for the landing beam trans 
mitting system in order to secure the attendant reduction in su 
and simplicity of equipment. Of a number of directive antenn 
systems studied, the arrangement developed by Unda and Okab 
and described by Yagi," for the production of horizontally polarize 
directed beams, was considered most suitable. A paotograph of th 
directive antenna array, as set up at College Park, is shown in Figur 
7. This was later housed in a shed for protection against weathet! 
The ultrahigh frequency source (93,700 ke) is coupled to the horizonte 
doublet A (made of k-inch copper tubing), which serves as the radiat- 
ing antenna and is accurately tuned to the frequency of the source. 
About 0.8 m behind the radiating antenna is placed a reflecting 





i Hidetsugi Yagi, Beam Transmission by Ultrashort Waves, Proc. I. R. E., 16, p. 715; 1928. 
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Figure 30.—Ezperimental determination of landing glide path 
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senna B, also a horizontal doublet, tuned to a frequency somewhat 
pwer than the frequency of the source. At approximately every 
eter in front of the radiating antenna, horizontal-doublet directing 
ennas Care placed. These are tuned to a frequency somewhat 
‘her than that of the source. This array of antennas is supported 

a horizontal wooden structure D, approximately 2.75 m. above 
» ground, and pivoted on the vertical support #. To obtain the 
ertical directive characteristic shown in Figure 27, the wooden 
ructure D was tilted approximately 8° above the horizontal. 


() THE ULTRAHIGH-FREQUENCY TRANSMITTING CIRCUIT ARRANGEMENT 


The problem of obtaining sufficient power output on the high 
ef uency used was found to be a rather difficult one. Sufficient 

iation was desired to operate a visual indicating device at a distance 
‘> +9 8 miles from the source with not more than two tubes in the 
ceiving set. The necessary power output was secured through the 
» of a 500-watt three-element tube (General Electric ZP-2) used 
the oscillatory circuit shown in Figure 31. This circuit arrange- 


g HORIZONTAL DOUBLET aticecnatie 





Cc 











v 
=< 60~ AC 
I35Vv +5500 V. 


FiaurE 31.—Circuitt diagram of 93,700 ke landing beam oscillator 
g A gJ 


s the advantage obtained in the customary short wave two- 
ube “push- pull circuit where the two tube capacities are in series, 
hereby halving the total tube capacity in the circuit. In this new 
cillatory circuit the second tube is replaced by a small air con- 
enser ie with a capacity about equal to the interelectrode grid to 
late capacity of the tube. The ans inductance CD and the grid 
ltaiiee AB are placed between this condenser and the tube, the 
ads making the shortest possible connections between these ele- 
nts of the circuit constituting the inductances. Condenser / 
‘relative large capacity and is necessary only as a safety measure 
ca ase of flashover of condenser EL. G, H, J, and J are suitable choke 
to keep the oscillatory current out of the power supply leads. 
Figu re 32 shows the 500-watt tube and associated apparatus, in- 
‘ding the horizontal doublet radiating antenna. ‘The tube is oper- 
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ated with 3,500 volts of 60-cycle frequency on the plate and a neg 
grid bias of about 135 volts. The tube circuit is tuned to the des 
frequency within narrow limits by moving one of the plates 0 
denser / by means of an insulated adjustment screw. Thy 
quency has proved sufficiently stable for use without external yy 
for frequency control, due in part to the fact that but one bry 
tuned circuit is used at the receiving end. 


(d) THE RECEIVING SYSTEM 


Considerable time was devoted to the development of a simple; 
reliable receiving system for giving visual reception of the dira 
beam up to a distance of 5 to 8 miles. Early in the work it was fj 
that by placing a receiving tube in the center of a horizontal doy 
antenna, rather broad tuning was obtained. This was quite 
sirable since slight changes in the transmitting frequency or receiy 
antenna constants then had no effect on the deflection of the receiy 
indicating instrument. 

The circuit arrangement finally found to be the most stable; 
reliable as well as sensitive (see fig. 33) uses only two tubes with 
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FicurRE 33.—Circuit diagram of special ultrahigh-frequency landing b 
receiving set 








regeneration. This receiving circuit requires no adjustments 
part of the pilot. Even the volume control is dispensed with, ‘ 
the path followed during the use of the receiving set constitutes a | 
of constant field intensity of the directed beam. The detectin 1g 
tion of the receiving circuit (within the dotted lines) is external 
the airplane, being mounted in a streamline weather proof box ab 
14 inches above the top wing. (See fig. 8.) The doublet anti 
is in the form of two copper rods housed in wooden ene ey 
ports projecting from the streamlined detector box. The rest o!' 
apparatus, which includes the audio amplifying tube and transform 
oxide rectifier, A and B batteries, and indicating instrument, 
located within the airplane. 

Figure 34 at A shows an inside view of the streamlined deter 
box. The amplifier-rectifier unit is shown in Figure 34 at B. 
oxide rectifier shown eliminates one tube, and has been found 
fectly stable in its operation at the low frequency employed. 
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24 heater-type screen-grid tube is employed for the detector, to 
| the necessary high amplification without undue mic rophonic 
To obtain good efficiency it was found desirable to connect 
. detector tube directly in the center of the horizontal doublet 
The detector tube was, therefore, located about 1 inch 
» the center of the antenna. The radio-frequency portion of the 
we is — to the section above the four radio-frequency 
hokes. (See fig. 33.) .The four leads running from the lower side 
j these chokes carry either direct current or the received audio 
ulation. The streamlined detector box and antenna system is 
ed to plug in electrically to the supporting upright on the wing, 
rve-terminal plug making the necessary connections. The sup- 
srting upright also makes a plug connection to a socket in the wing. 
Figure 35 shows the complete wiring diagram for the landing beacon 
peelver [t will be noted that the pilot has a small control box with a 
tch for controlling the receiving set filaments and a push button 
hich operates a buzzer mounted in the detector box. The purpose 
this buzzer is to produce a signal which operates the microammeter, 
vided the complete receiver is functioning properly. This button 
‘ pressed once before each landing to insure that the receiving set is 
nctioning properly. 


V. PRACTICAL APPLICATIONS 


The practicability of the radio system of blind landing aids described 
has been partially demonstrated in numerous test “flights on the 
au’s experimental airplane. No difficulty has been “experienced 
idiewiae both the runway localizing beacon and the landing beam 
nications simultaneously. These tests have, however, all been 
ude under conditions of good visibility, the bureau’s airplane not 
ng adapted for “blind” flying work. Arrangements are now being 
ide for actual blind landing tests, the results of which it is felt will 
mpletely demonstrate the feasibility of the system. 
Even in its simplest arrangement (see fig. 6), which does not take 
re of wind direction, this system should have numerous applications 
heduled flying. It should successfully prevent practically all 
erruptions to scheduled service due to.dense fog, since fog is rarely 
ompanied by strong winds. Under special conditions of low visi- 
lity (for example, when the airport has a ceiling of 100 feet or more) 
‘system may be used as an aid to landing regardless of wind con- 
tions. A particularly interesting application consists of the use of 
is system for complete or partial blind landing on sea dromes or on 
urplane carriers, Where the landing deck can at all times be oriented 
to the wind. A large number of conditions exist where a partial 
ise of the system described appears practicable. The runway 
Jizing beacon, in particular, seems to have — of extensive 
This was demonstrated in the tests at Mitchel F ield, under the 
ices of the Guggenheim fund, where a special landing altimeter 
Was @ cenployed in conjunction with ‘the localizing beacon. 
ith the expansion of the system to take care of wind direction as 
own in Figure 16, it is felt that the last great obstacle to flying under 
uy conditions of weather is overcome. 
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ISOLATION OF THE ISOMERS OF HEXANE FROM 
PETROLEUM ! 


By Johannes H. Bruun? and Mildred M. Hicks-Bruun 


ABSTRACT 


is paper describes the isolation of four of the five isomers of hexane from an 
ty crude petroleum. The fifth isomer, 2-2-dimethylbutane, was not 
| 
F was found that ordinary fractional distillation concentrated the hexanes in 
t of constant-boiling mixtures, the other constituents of which were ring 


ese constant-boiling mixtures were broken up by distillation after the ad- 
n of an alcohol which was later removed from the distillates by washing 
In this way, aided by equilibrium melting, the following four 
nes were obtained and identified: 2, 3-dimethylbutane, 2-methylpentane, 
thy Ipentane, and n-hexane. 
ie follo wing. constants were determined for each hexane: Boiling point, 
ing point, specific gravity, and refractive index. 
fhe freezing points found for two of the hexanes appear to be the only ones 
a ord. They are, for the air-saturated hydrocarbon, —143+0.5° C. for 
thylpentane and —118 +0.5° C. for 3-methylpentane. The eutectic for 
tem CO,-2-methylpentane is —153 +0.5° C, 
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I. INTRODUCTION 


search through the literature reveals the reported isolation of 
of the five isomers of hexane from petroleum.’ The methods em- 
ved were usually a combination of distillation and strong chemical 
tment, which yielded a mixture of the hexane isomers. By 
ns s of chlorination, bromination, or nitration of this mixture the 


paper describes some of the results obtained in an investigation on The Separation, Identification, 
rmination of the Chemical Constituents of Commercial Petroleum Fractions listed as project 
‘ofthe American Petroleum Institute Research. Financial assistance in this work has been received 
ba research fund of the American Petroleum Institute donated by John D. Rockefeller. This fund 
uiministered by the institute with the cooperation of the Central Petroleum Committee of the 
Research Council. These results were communicated to the American Petroleum Institute 
1, 1929. 
n Petroleum Institute research associate. 
e numerous references given in Engler-Héfer ‘‘Das Erdél,”’ 1, p. 242 (Hirzel, Leipzig, 1913), 
literature cited by Brown and Carr, Ind. Eng. Chem., 18, p. 718; 1926. 
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corresponding derivatives of the hexanes were obtained, and th 
derivatives, having larger differences in boiling points, were y 


Sep 


rated by means of fri actional distillation. Some investigator | 
tempted not only to prove in this way the presence of these isoma 
but actually to isolate them in pure condition. In this way Sidy 
Young‘ was able to isolate a small sample of n-hexane in fairly 
condition. With this exception, it seems that no one hs as s obta 


condition. 

In recent years other investigators® have reported the isolation 
the isomers of hexane by using efficient frac tionating columns yi 
out the aid of chemical reagents. Although the fractions obtkig 
were apparently of higher purity than those previously reported. ; 
evidence as to purity ‘and identity was, however, not complete. 

The possibility of isolating pure hydrocarbons from _— 
by means of fractional distillation alone, seems to depend enti 
upon the crude oil used. If this contains cyclic compounds whi 
form constant boiling mixtures with the alipahtic hydrocarbons 
complete separation can not be obtained in this way. If, for instan 
methyleyclopentane or benzene is present, constant boiling mixta 
with the hexanes will be formed.’ Since cyclic compounds as an 
have higher densities and higher refractive indices than the aliphs 
hydrocarbons, the presence “of these ring compounds thet'gs 
counts for the fact that these physical constants are always high 
for the hexanes reported from petroleum than for the synthetic one 


II. METHODS EMPLOYED 


For the purpose of separating the aliphatic from the cyclic hyd 
carbons, it is desirable to avoid any chemical treatment which mig 
destroy certain groups of hydrocarbons or convert them into n¢ 
compounds from which they could not be readily recovered in th 
original ete. In this investigation, therefore, use has been ms 
only of physical methods. 

In order to separate by distillation two liquids of nearly the sai 
boiling point, it is customary to add a third component which alt 
materially the vs upor pressure ratio of the original component ts; 
example, by forming a constant boiling mixture with one of them. 
general application of this principle is in pr actice not always feasib 
because difficulties are encountered in removing the added compone 
after distillation. If, however, this component is selected so that 
can be extracted by water or some other nonmiscible liquid it off 
a very convenient method for separating cyclic from alipatl 
hydrocarbons.’ 

In separating the ring compounds from the hexanes a liquid, s 
as absolute ethyl or methyl! alcohol, is added in certain propo e 
and the mixture is subjected to fractional distillation, after which 
alcohol is extracted from the distillates with water. Ethyl alc 
forms mixtures of constant minimum boiling point with the isom 
of hexane, which all boil below 58.7° C. On the other hand, the 








4J. Chem. Soc., London, 73, p. 910; 1898. 
5 Anderson and Erskine, Ind. Eng. Chem., 16, p. 263; 1 


Soc., London, 73, Trans., p. 905, 922; 
ustr lication of this method might be used for separating certain groups of ( 
cyclic or uns att trated) | hydrecarbons of high antiknock value from etroleum fri actions. 
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nt boiling mixtures of ethyl alcohol and ring compounds have 
‘ling points somewhat higher as indicated by the following data, 
‘ are taken from the International Critical Tables, Vol. III, 


Cc 

e 320. 

| 

Mole per 
B. PF, | cent of 

| CeHs0H 


I fe cab nxcunsvknesennnsads 
Cyclohexane 

Methyleyclohexane- 

Benzene__.. -- eee pao aioe 
1, 3 Cyaioheradiome.................-} 
n-hexane 














III. EXPERIMENTAL PROCEDURE 


FRACTION CONTAINING THE FOUR HIGHER BOILING ISOMERS 
OF HEXANE 


In the present investigation about 30 liters of the naphtha fraction ° 
th a boiling range from about +34° to 180° C. was subjected to 
tillation in a current of carbon dioxide in the 20-plate rectifying 
ji! described in a previous paper.® Fractions from this distillation, 
ving a boiling range of 54° to 75° C., are represented by the ver- 
il row of rectangles on the left side of the chart shown in Figure 1. 
iis diagram shows the further separation of these fractions. 

Fach rectangle represents a fraction and the numbers inside the 
tangle indicate, respectively, the serial number (at the top) and 


prefractive index np (at the bottom). Boiling points are notin- 
red as the distillation was carried out in different stills, in which 
ferent thermometers and thermocouples were used, and also be- 
use the temperatures recorded were uncorrected and only of labo- 
tory value. 

fractions having similar refractive indices and boiling points were 
xed and redistilled in smaller stills of Pyrex laboratory glass with 


’ 


ther steel “jack chain’? columns or nonsiphoning bubbling-cap 
° Referring to the upper left of the chart shown in Figure 1 
# letter A on chart), fractions Nos. 66’ and 66° were mixed and 
led to the still pot (indicated by the heavy horizontal line on the 
p), after which fractions Nos. 116!, 1167, 116°, 116*, 116°, 116°, and 
were distilled off. In many cases the fractions were added to 
estill pot at intervals during the distillation. For instance, at the 
wer right of Figure 1 (see letter B on chart) fractions Nos. 126’, 
, and 126° were initially mixed in the still pot. Fraction 126" 
is then distilled off after which 126 was added to the still pot, 
“was next distilled off, ete. 

The unbroken lines in the chart indicate that the distillation was 
ied out without the previous addition of a third component, the 
itted lines indicate that methyl alcohol was added to the still pot, 
me the dashed lines show that ethyl alcohol was used as a third 


Co 
ALES 





rude was obtained from No. 6 well of the South Ponca Field, Kay County, Okla. See B.S. Jour. 
rch, 2, p. 469, Table 1; 1929. : 
‘shburn, Bruun, and Hicks, B. S. Jour. Research, 2, pp. 470-473; 1929. 
‘4, Bruun, Ind. Eng. Chem., Anal, ed., 1, p. 212; 1929. 
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component. For instance, referring to the center of the chart (fio 
(see letter C on chart), fractions 1175, 117°, 114*, 114°, and 114° y 
mixed with methyl alcohol and added to the still pot. Fractig 
117, 117%, and 117" were then distilled off after which fractig 
117’, 117%, 114’, 1148, and 115* and more methyl! were added to 
still pot. Fractions 117", 117", 117, 117'8, and 117" were 
distilled off, ete. With this explanation, the chart is self-explanate, 
Freezing point curves were made for fractions 64°, 64°, 64° 5 
64°, and 65', which had refractive indices ranging from 1.387 to [4 
The freezing ranges were from —95° to —60° C. This sugges 
that effective fractionation could be obtained by equilibrium ne 
ing" (indicated by ‘““D”). Therefore, each fraction was fro, 
melted slowly, and separations made according to the melting poiy 
In each case the fractions so obtained were classified into the gro, 
shown in Table 1. ‘ 
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TABLE 1 
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Leiden e corr 
Refractive to 
~ index fa on 
Group M. P. range 0) ' | 
n— tors D 
Dp 
eee ee | —95° to —115° C____- 1.389 to 1.406. 
a .| —70° to —95° C..___.-| 1.382 to 1.389. 
Soke Saatie —30° to +5° C________] 1.392 to 1.413, 





Group II, which was the largest group, contained the hexanes, 
indicated by the melting point range, index of refraction, and boil 
point range. Fractionation of these three groups was continu 
in some cases alternating the equilibrium melting with distillati 
The ranges of the indices of refraction of the fractions contained 
Groups I and III in Table 1 are very similar, while their freez 
points differ by more than 100° C. By further equilibrium melt 
the groups shown in Table 2 were obtained. 





TABLE 2 











Beilstein 


Refractive 






















index | 
Group M. P. range B. P. range 20 | 
n 
D bhetic: 
a njinenioel me | vata con 
| | 
Reid an ne —100° to —115° C Ell, OR | 1.397 to 1.410, Bailcte 
| ee _| —93° to —95° C 69° to 69.5° C______. | 1.378 to 1.384 eastern 


hee simckanc| “OMe 77.5° to 81° C .---| 1,407 to 1.453. 





The section of Group II in Table 2 containing compounds havi 
refractive indices from 1.380 to 1.383 was then mixed with fracti 
from serial Nos. 91 to 92. (See fig. 1.) 

Concerning Group III in Table 2 it may be noted that althou 
no serious attempt was made to isolate the pure constituents, 
odor resembled that of benzene. Also the freezing point (arou 
+5), the boiling point (about 81) and the refractive index (1.4 
after several crystallizations approached more and more the vall 
of pure benzene. The presence of a constant boiling mixture (boil 
point around 69° C.) of benzene with the hexane would also explt 
why only small amounts of benzene would be obtained at the prof 
boiling point (79.6° C.) during a straight distillation of the crude 





11M. M. Hicks, B, S. Jour, Research, 2, pp. 483-486; 1929, 
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‘up I in Table 2 will, perhaps, be found to consist mainly of 
thvieyclopentane which has the following physical constants: 
iing point, 73° C.;” melting point, — 140.5° C.;” and refractive 
a iy 1.410. 

4s we approach the lower end of the diagram the refractive indices 
the hexane fractions are decreasing, which indicates the separation 
the cyclic and aromatic compounds. Compounds with high 
“active indices were concentrated in the fractions on the nght hand 
the diagram and were gradually eliminated. 

4s a result of this procedure all the possible isomers of hexane 
re obtained with the exception of 2,2-dimethylbutane, the boiling 
int (49.7° C.) of which lies outside the range of this material. 
esearch for this low boiling isomer is described below (p. 938). 
The physical constants determined for the final fractions, together 
th some of the most reliable values recorded in the literature for 
e corresponding synthetic compounds, are given in Table 3. The 
‘aon refractive indices and specific gravities given by other investi- 
iors have been rounded off. 


TABLE 3.—Physical constants of the isolated hydrocarbons 


| Refractive , : 
index Specific 

‘ gravity 
"DH 20 /4 Pe 


Boiling 
point cor- 
rected 
760 mm 


Freezing 
point °C, | 
(in air) | 


Compound 








jimethylbutane: 
Series No. 114 3=40 ml)@....___- —135+1 
Series No. 126 21=40 ml)__-__-_- : ae | 


Data compiled by Edgar and Calingaert >. 
Beilstein Erg. Bd. 1, p. 55; 1928....----- 


ehylpentane: 
Series No. 1193=100 ml) 
Series No. 12623=120 ml)_..--- 4 





Tall | 
‘ ‘ - — | 
ata compiled by Edgar and Calingaert >. | 
Beilstein Erg. Bd. 1, p. 53; 1928_-- : 





ethylpentane: 
Series No. 110 83=60 ml) 
eries No. 127 = 50 ml)- 


63. 3 
63. 2 * - 662 


Datacompiled by Edgar and Calingaert >- 03.2 |... ; . 665 





63. 5 
Beilstein Erg. Bd. 1, p. 54; 1928.....-____- | ee ae 377 | - 6672% 


65. 5 | 


nermans *_ 


0 4 a ee eee ee 68. 80 
stein Erg. Bd. 1, p. 51; 1928 and Vol. I, p. 143; 


—95.0 1. 375 | . 659 
i 68.95 k —94.3 11,375 | 


‘cording to Mair ™______- 68.68 |—95.4-+0. 1 1. 375 | 





| 
| 
| 
| 
| 
| 
(Ser. No. 126 35)A | 68. 84 om 240.5 379 | . 673 
| | 
| 
| 
| 
| 








ém ocular weight was found to be 85.7-40.5; theoretical=86.10. For method see B.S. Jour. Research, 
1930. 
‘hem. Soc., 51, p. 1546; 1929. 
anne, Bull. Soc. Chim. Belg., 31, p. 331; 1922. 
ty, J. Chem. Soc., 105, p. 91; 1914. 
ne and Van Risseghem, Bull. Soc. Chim. Belg., 31, p. 87; 1922. 
2mm. pressure. 
it. Tables, 1, p. 204. 
ie molecular weight was found to be 85.6-+0.3; theoretical = 86.10. 
‘umermans, J. Chim. Phys., 25, p. 411; (1928). 
toung, J. Chem. Soc., 73, p. 906; 1898. 
smmermans Chem. Zentr., EI, p. 1015; 1911. 
Peruhl Lieb. Ann., 200, p. 184; 1880. 
Sureau of Standards, unpublished. 


Prom Int. Crit. Tables, I, p. 202. 
Ajner, J, Prakt. Chem., 56, p. 364; 1897, 
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2. A SEARCH FOR 2, 2-DIMETHYLBUTANE 


The physical constants of synthetic (CH3);C-CH:CH; are: 
Boiling point , 49. 7°C, 
Refractive index n 5 ” 1. 369 
20 
Specific gravity 7 . 649 
Melting point 


Six hundred gallons of crude oil * was distilled in a semicomm 


still in an oil refinery.'° The lower boiling fractions from thig 
tillation were fractionated in a 20-plate laboratory bubblin 


still.” The fractions from the laboratory still having boiling 
ranges from 40° to 55°C. were subjected to distillation in s 
Pyrex laboratory glass stills.* Between 40° and 52°C., 1,70 
was obtained and after two more distillations in the glass 
fractions with the boiling points and refractive indices show 
Table 4 were obtained. 


TaBLE 4.—Properties of the final fractions obtained in a search for 2, 
2-dimethylbutane 


g range (°C.) 
| 
} 


| 

| Refractive 
Volume | index at 

| 


36-38 
38-40 _- 
40-42_...... j 
| 


44-46 
46-47 
47-48. 
48-49 
49-50. 


50-F1- 


4 





ol 





Total 





Careful fractionation of the 1,700 ml of the combined frac 
with boiling point range 46° to 52° C. did not yield more th 
very small amount of liquid at the boiling point of 2, 2-dime 
butane. The comparatively high refractive indices of these 
boiling fractions indicate that they may be mixtures of cyclic hy 
carbons and the two isomers of hexane (boiling points 58° 
60° C.), the presence of which has been shown on page 937. 

Because of the fact that the fractions from our laboratory 
(equipped with condensers cooled with solid CO.) contained se 
liters of constituents boiling below 50° C., it seems reasonably 
to assume that the 2, 2-dimethylbutane was not lost by evapors 
before or during the industrial distillation in which ice water 
employed on the condenser. The very small amount (74 2 
distillate which was obtained between 49° and 50° C. as well as 


—— 








14 International Critical Tables, 1, p. 204. 

15 From the well mentioned in footnote 8, p. 935. : 
16 Acknowledgment for this distillation is made to A. E. Pew, jr., and R, B, Davidson, of the 5ua 
17 See footnote 8, p. 935. 

18 See footnote 10, p. 935 
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FiGure 
» 1_—Ancestral chart of the hexanes 
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uaratively high refractive index (1.384 against 1.369 for 
vdimethylbutane): of the distillate would indicate that the 
imethylbutane is absent or if present the percentage must be 
‘than 0.01 of the crude. It should be noted, however, that the 
ibility of the presence of 2, 2-dimethylbutane in the crude oil 
ot completely excluded unless the absence of constant boiling 
res of this hexane with other constituents is proved. 


IV. DISCUSSION OF RESULTS 


1. THE 2, 3-DIMETHYLBUTANE FRACTION 


he values of the five properties recorded in Table 3 for this 
jon show excellent agreement with those of the synthetic hydro- 
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Ficurs 2.—Cooling curve for 2, 3-dimethylbutane, CoH, 











Ordinates, temperature in®° C, Abscissas, time in minutes. 


thon. The agreement with respect to the freezing point 1s the 
si significant, however, since the other four properties alone are 
t very distinctive for the hexane isomers. The cooling and heat- 
rcurves for this fraction are shown in Figures 2 and 3. At the 
int B in Figure 2 crystallization begins. From B to F the tem- 
ature falls, owing to the increasing concentration of the dissolved 
in the liquid phase. At F the liquid has become saturated with 
solved air, and the system becomes nonvariant as evidenced by 
e three to four minute halting point at —135° C., which is the 
fezing point of the air-saturated hydrocarbon. On the heating 
rve (fig. 3) liquefaction does not begin until about —134°. The 
ent heat of fusion is evidently very small. 


2. THE 2-METHYLPENTANE FRACTION 


Here only three. properties are available for comparison. The 
freement is satisfactory, but is not sufficient evidence of identity 
bless it can be demonstrated that the fraction is not a mixture. 
h order to obtain evidence on this point, the cooling curve was 
termined with the results shown in Figure 4. These results are 
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satisfactory as far as they go, but it was noticed that the } 
became very viscous at its freezing point, so viscous in fact thy 
stirrer ceased to operate, and crystallization may, therefore 
have been complete. 

In order to avoid this difficulty the hydrocarbon was cool 
about —50° and then saturated with solid CO,. The dissolved 
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Figure 3.—Heating curve for 2, 3-dimethylbutane, CoH 


Ordinates, temperature in® C. Abscissas, time in minutes 


materially increased the fluidity. The cooling curve was then dete 
mined through the eutectic, with the results shown in Figure 
The thermocouple was placed in the center of the sample, and free 
started on the walls of the container and proceeded toward t 
center. The long halting point followed by the sharp drop in té 
perature at the completion of crystallization is evidence of puny: 





1® The shorter halting point in the second experiment is due to the use of a heavier walled con's! 
vessel and a consequent increase in the heat capacity of the system, 
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Ficure 4.—Two cooling curves for 2-methylpentane, CpHy, 


Ordinates, temperature in°® C, Abscissas, time in minutes. 
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Figure 5.—Cooling curve for “ae dioxide eutectic with 2-methylpentane, 
oll, 









































Ordinates, temperature in® C, Abscissas, time in minutes. 
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[Va 
3. THE 3-METHYLPENTANE FRACTION 


As in the preceding case, agreement is excellent for the three pny 
erties which are available for comparison. The fraction was testa 
for purity by determining its freezing behavior, with the pj T 
shown in Figure 6. A satisfactory halting point was eyidens, 
obtained. The initial small drop in temperature after cry 
tion begins is the normal behavior resulting from the presen ¢ 
dissolved air, which is very soluble in these hydrocarbons wher «jj 


4. THE N-HEXANE FRACTION 


This fraction is obviously not pure n-hexane. The approxina 
agreement as to properties, together with the value obtained {oy i 
molecular weight indicate, however, that its major constituent j 

n-hexane. In order to obtain quantitativ e information as to amow} 

of n-hexane present two cooling curves were determined, one on th 
fraction and the other on a sample of very pure synthetic n-heyy 
repared in this bureau by B. J. Mair. The n-hexane from petroley 

de freezing point of 1.8° C. lower than the synthetic one. Fry 
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FiacurE 6.—Cooling curve for 3-methylpentane, CyH 
Ordinates, temperature in° C. Abscissas, time in minutes. 


these results and the value 34.89 cal. per gram for the molal heat d 
fusion,” the purity of the fraction is found to be about 92 mole _— 
cent. Further purification of the fraction seems unnecessary af Ms 
resent because n-hexane has previously been found in petroleum a hic 
coli additional quantities of this hydrocarbon will be obtain ” 


his 
from other petroleum fractions now under investigation. 
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TERMINATION OF CARBON IN HIGH SULPHUR STEELS 
BY DIRECT COMBUSTION 


By H. A. Bright and G. E, F. Lundell 


ABSTRACT 


(Oxides of sulphur are formed in the direct combustion method for carbon in 
ol and cause positive errors if they are not removed. The absorbents commonly 
ed for this purpose, as well as promising new ones, have been tested. A de- 
iption is given of the absorption train that has been developed at the National 
yreau of Standards as well as one that has been developed by the Jones & 
ughlin Steel Co. 


CONTENTS 


. Absorbents used for removing oxides of sulphur---. 
_ Absorption train used at the National Bureau of Standards for high 
sulphur steels 


I. INTRODUCTION 


The method used largely at the present time for the determination 
carbon in steel or iron is that of direct combustion in oxygen and 
bsorption of the evolved carbon dioxide in soda-asbestos (ascarite) 

soda lime. The increasing use of high sulphur steels (S>0.10 
rr cent) has led to difficulties in securing accurate results for carbon, 
ith consequent disagreements between different laboratories. This 
caused by the fact that the sulphur in the steel burns to form oxides 
sulphur. If these are not removed completely from the gas stream 
sitive errors for carbon will result in the gravimetric method, and 
any method in which the excess of barium hydroxide is titrated. 

In the direct combustion of low sulphur plain carbon steels most of 
he sulphur is converted to sulphur trioxide. Some sulphur dioxide 
also formed, and the amount will vary according to such factors 
s the rate of oxidation of the steel, the temperature, the type of fur- 
ace, and the kind of steel.! 

In the present study it was desired to develop an absorption train 
hich could be constructed readily in the ordinary laboratory. For 
his reason the possibility of using special apparatus such as electrical 
recipitators 7 was not investigated. It is doubtful in any case 
hether the oxides of sulphur could be quantitatively precipitated by 
ectrical precipitation under the conditions prevailing in the direct 
mbustion method for carbon. 





} For example, from 2 to 10 per cent of their sulphur content was given off as sulphur dioxide when 2 g 
pts Of steels containing 0.13 to 0.22 per cent of sulphur were burned. On the other hand, nearly 50 per 
sul ht given off as dioxidesulphurfrom a stainless steel containing 14 per cent of chromium and 0.43 per cent 
Toke lur and from a plain carbon steel containing about 0.7 per cent of sulphur. It is evident that with low 
a8 ja plain carbon steels the chief problem is to provide for the removal of sulphur trioxide, while with 
2 tar phur steels the removal of the dioxide is as important as that of the trioxide. In fact it aay be more 
F Ong for the absorption of the dioxide by alkaline reagents is more complete than is that of the trioxide. 

Re 8¢ hwald, Determination of C in Al, thesis, Eidgenossiche Tech, Hochschule, Ziirich, No. 356; 1923. 
3g ZY and C, Koch, Examination of Chemical Fogs for Electrical Charges, Z. anorg. allgem. Chem., 


89. 1p. 69; 1924, 
943 
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II. ABSORBENTS USED FOR REMOVING OXIDEs OF 
SULPHUR 


Asbestos.—A practice for removing oxides of sulphur that 
employed by quite a few chemists * consists in packing the exit end, 
the combustion tube (usually 30 inches long) with a 6 to 8 ine 
section of ironized asbestos.* The ironized asbestos retains more 
less sulphur trioxide in the cool section at the exit end and may aj 
cause the oxidation of some sulphur dioxide to sulphur trioxidg 
If asbestos is used ferric sulphate will accumulate in the exit end q 
the combustion tube, and it is necessary, periodically, to draw ¢} 
section containing the asbestos back into the hot zone of the furn; 
and burn out the sulphur trioxide by heating to about 900° ©, wh; 
a stream of air or oxygen is passed through the tube. 
must be done depends on the number and the sulphur content of th 
samples that are burned each day.’ If this periodic burning out j 
neglected high and erratic results for carbon are obtained, particular] 
with steels containing more than 0.1 per cent of sulphur. 

It is also well to mention that sulphur trioxide which has been fixe4 
as ferric sulphate at a low temperature will be liberated again an 
carried along in the exit gas stream when the temperature becoma 
high enough to decompose ferric sulphate. Even though no trioxid 
is thus liberated, some may still remain in the gas stream throug 
failure of the ironized asbestos to retain all of it. In addition, th 
ironized asbestos is not an efficient oxidizer of the sulphur dioxid 
that is always present. 


tion tower for carbon dioxide. If such provision is made to retail 
any sulphur trioxide which may pass by the asbestos and if the tub 
is burnt out regularly, it is believed that acceptable results for carbot 
in steels containing less than 0.2 per cent of sulphur can be obtained 
by this procedure. However, these precautions are not adequate 
avoid high results for steels of higher sulphur content. For continuout 
runs on plain carbon steels containing more than 0.15 per cent 0 
sulphur or on any high-sulphur stainless steels, it is probably bette 
to omit the asbestos in the combustion tube and to absorb the oxide 
of sulphur after they leave the combustion tube. 

Zn.—Granulated zinc of 20 to 80 mesh is used by a number 0 
chemists for removing oxides of sulphur. Tests indicate that it act 
as a baffle for condensing more or less sulphur trioxide, but does no 
remove sulphur dioxide. Like asbestos it has a limited value whet 
used with low-sulphur steels (S<0.06 per cent), but is not satisfactory 
for high-sulphur alloys. 





2 Methods of the Chemists of the U. S. Steel Corporation for the Sampling and Analysis of Alloy Ste 
Carnegie Steel Co., Pittsburgh, Pa., p. 9; 1921. ; 
‘ Prepared by digesting asbestos in a solution of ferrous sulphate (150 g of the salt in 1 liter of 1 per ced 
sulphuric acid), drying and igniting at 1,000° C. 
5 W. D. Brown, chief chemist of the Carnegie Steel Co., ey men Pa., informs us that they burn ou 


combustion tubes every fifth day. About 75 determinations a day are made on a tube and approximate! 
10 per cent of the steels contain more than 0.10 per cent of sulphur. F. Garman, of the Pennsylvatli 
R. R. Laboratories, Altoona, Pa., states that tubes are burned out after each 100 samples of plain carbon 
—_ none of which exceed 0.05sulphur. With cast irons and screw steels a tube is burned out at least onc 
a day. 





Determination of Carbon 945 


P,0;—In this laboratory and elsewhere it has been noted that 
phosphorus pentoxide, because of its fine state of subdivision, will 
so act as @ baffle and condense and retain sulphur trioxide to a 
artain extent. It is 
not effective for sul- 
hur dioxide. 
Pb0..—Tests made 
by passing a mixture 
bf approximately 95 
parts of oxygen and 
5 parts of sulphur di- 
ode through a U tube 

specially 





jioxide is quantita- 
ively absorbed. The 
lead dioxide was pur- 
ified by digesting for 
several hours at 25°C. 
with nitric acid (1:3), 
filtering, washing with 
water, and drying at 
105°C. Sulphur _ tri- 
oxide mist secured by 
passing dry oxygen 

















oxideat 25° C. and even 
atl00°C. No absorp- 
tion of carbon dioxide 
was observed at 250°C. 
The use of lead di- 
~ . an absorbent 
or oxides of sulphur 4 
was further satan by Scale 4 
determining carbon in 
2g samples of steel to 
which 0.05 g portions of 
pyrite had been added. 
The exit gases from the 
combustion tube were Fieure 1.—Absorption tube 
passed through a 15 cm 
» tube, loosely packed with lead dioxide and heated to a temperature of 
+10" C. The gases from this tube were passed next through a 10 em U 
tube filled with anhydrous magnesium perchlorate (anhydrone) and 
then into ascarite. Similar tests were made on 2 g samples of the 
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same steel to which 0.03 g portions of ferric sulphate were added 
In both cases correct results for carbon were obtained. 

Lead dioxide has certain disadvantages in that it requires an a4; 
tional furnace and must be heated at 250° C. until a uniform bly 
is obtained. Moreover, it must be kept out of contact with ¢ 
carbon dioxide of the air when not in use. 

H,SO,— H,Cr0,,—Arnold and Ibbotston® used a dilute sulphur 
acid solution (1:1) saturated with chromic acid for oxidizing 4) 
removing the sulphur dioxide formed in the burning of steels ¢, 
taining about 0.09 per cent sulphur. At the National Bureay , 
Standards an absorption tube (fig. 1) containing, in the right gm 
concentrated sulphuric acid saturated with chromic acid and a9; 
10 cm column of closely packed asbestos in the left arm has beg 
used for the same purpose during the past 10 years. Previous tesi 
had shown that this procedure was satisfactory for steels with hs 
than 0.08 per cent sulphur. 

Qualitative tests made by passing a mixture of dry air and qj 
phur dioxide, containing about 5 per cent of the latter, through thy 
absorbent at a rate of about 200 to 250 ml per minute showed thai 
neither concentrated nor dilute sulphuric acid (1:1) saturated with 
chromic acid would oxidize sulphur dioxide completely. Furth 
tests, the results of which are given in Table 1, show that this absor 
ent is not entirely satisfactory for regular use with steels containing 
more than 0.10 per cent of sulphur and not at all for high sulphy 
stainless steels. 


TABLE 1.—Results for carbon obtained by using concentrated sulphuric acid saturat 
with chromic acid as an absorbent for oxides of sulphur 


[Figures in parentheses indicate the number of determinations from which the average was obtained] 


Carbon 





— | Sulphur com- 
pound added | deicanil 


Per cent present - Per cent found 
Type of steel 





| sample 
Range of | Range ol 
determi- | Average | determi 
nations 








Bureau of Standards 
standard B. O. H. | 
No. lid 

Do. 

ee 

a 

Do 

a . 
Bessemer screw stock: > | 

No. 1 2. 73 . 003 . 088 (3) |0. 086-0. 092 | .093 (3) | 

No. 2_-.-.--------| _ 3 “ange [2-131 (11)| .127- . 138 


Per cent | 

0. 201 (8) (0. 2004).2 
.02 FeS2 

.05 FeS2___.----| 
.01 Feo(SO4)3__- 
.03 Fe2(SO4)3__-| 


43 
. 208 (i 
214 


Nyro? 


mmerwwty 
WwHKwKS 





Plain carbon..........| 22.73 |..----------------| “0060 |f°° 271 (5) | .168- .175 | . 182 





‘ nhs atain: | . | 
High sulphur stain- 5s | __f -0064-)1. 999 (16)! . 0S4- .096 | . 160 (6) 
| 


less steel ¢ - 0085 | | 





« Certificate value F 
> Supplied through the courtesy of H. E. Slocum, chief chemist, Jones & Laughlin, Pittsburgh, Pa 
¢ Value obtained on the train adopted for high sulphur steels described on p. 948. ’ 

4 Supplied through the courtesy of P. Tyson, chief chemist, Carpenter Steel Co., Reading, Pa, 


6 The Chemical Analysis of Steel-Works’ Materials, 3d. ed., p. 35; 1907, 





lt Determination of Carbon 947 
Aqueous solution of CrO; and dry chromates.—Blair’ used a satu- 
ted aqueous solution of chromic acid for removing sulphur dioxide. 
is absorbent oxidizes sulphur dioxide completely, but does not 
move all of the sulphur trioxide present in the exit gas stream when 
ich sulphur steels are burned. ‘Tests of crystals of potassium 
;chromate, dry barium chromate, and lead chromate showed that 
hese substances do not absorb sulphur dioxide completely. Wetted 
stals of potassium dichromate remove sulphur dioxide but be- 
suse of lower solubility do not have as great an oxidizing capacity 
sa saturated aqueous solution of chromic acid. 

Compounds added to the sample.—lIt is claimed by some that sul- 

ur is retained in the slag if the drillings are mixed and burned 
ith red lead (Pb;O,) or lead chromate. It is quite unlikely that lead 

Iphate or lead sulphite would be stable at the high temperature 
S1,000° C.) occuring in the combustion boat. 

Platinized silica gel and ironized asbestos.—For high sulphur steels 
_E. Slocum ® uses a train in which the gases from the combustion 
ibe are passed first over platinized silica gel heated to 440° C. The 
atalyst,? of 6 to 8 mesh size, is contained in a pyrex glass U tube of 
size to give a column approximately 1.2°cm in diameter and 30 cm 
nlength. A small electric furnace with a rheostat is used to heat the 
atalyst. The gases are next passed through a tower containing a 
olumn (approximately 4 by 13 cm) of closely packed ironized asbestos 
or removing sulphur trioxide, on top of which is a 4 by 5 cm layer 
{ anyhdrone for absorbing moisture. From the second tube the 
ases are passed to the usual carbon dioxide absorption tube. 

Slocum also uses a specially designed combustion tube which is 
bent down at an angle of 90° at the point where it issues from the 
heating furnace. The exit end of the tube is tapered to facilitate 
onnecting with the silica gel tube. It is claimed that there is less 
Aja acid condensed and collected in this form of combustion 
ube. 

The chief function of the gel is to oxidize, catalytically, sulphur 
lioxide to the trioxide. A secondary function is to oxidize carbon 
monoxide to carbon dioxide should any have been formed in the 
ombustion. With a properly functioning catalyst all of the sulphur 
hat enters the tube containing the gel leaves the tube as sulphur 
noxide and must afterwards be removed from the exit gases by 
dllecting in a suitable absorbent, such as closely packed ironized 
isbestos. 

This train has been tested by Slocum on samples of plain carbon 
steels to which sulphur had been added. Correct results for carbon 
were obtained. 

It should be recognized that the efficiency of a catalyst may, and 
penerally will, fall off in continued use. No data are available at 
present as to how long the platinized silica gel will function satis- 
lactorily for this particular use. However, Slocum states that several 
‘atalysts have been in daily use in the Jones & Laughlin Co.’s labor- 
atory for four months and have given satisfactory service. The use 





7 A. Blair, The Chemical Analysis of Iron, 8th ed., p. 128; 1918. 
By he Laboratory, 3, No. 2, p. 24 (1930); Fisher Scientific Co., Pittsburgh, Pa.; Burrell Bulletin 1017, 
urrell Tech, Supply Co., Pittsburgh, Pa. 
Prepared according to Holmes et al., J. Ind. Eng. Chem., 21, p. 850; 1929. 
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{Vols 


of red lead in the combustion boat is not recommended, since jt tends 
to poison the catalyst.’ / 

Tests of platinized silica gel made during this investigation indicats 
that it is entirely satisfactory if sufficient contact surface is provided 
For example, with a 0.55 by 29 cm column of a silica gel containing 
0.15 per cent of platinum" small amounts of sulphur dioxide ‘a 
sean in the gas stream issuing from the tube containing the catalyy 
when burning a 2 g sample of a stainless steel containing 0.43 per cent 
of sulphur, while with a 1.1 by 30 cm column of the same catglys 
only negligible traces of sulphur dioxide were detected. Tests of , 
second catalyst of somewhat higher platinum content ™ and the 
smaller column referred to above showed a slight improvement ove 
the same volume of the first catalyst, but did not show quite as com. 
plete oxidation of the sulphur dioxide as the larger volume of the firs, 
catalyst. 

In using platinized silica gel it is therefore necessary to be sure 
that the particular lot of catalyst and the size of the column ar 
adequate to oxidize all of the sulphur dioxide which may be present 
in the gases issuing from the combustion tube. 


III. DESIGN OF COMBUSTION TUBE AND ABSORPTION 
TRAIN 


As a result of the foregoing experimental work the following type 
of combustion tube and absorption train was developed for use in 
the determination of carbon in high sulphur steels. The porcelain 
combustion tube is about 48 cm long, of an internal diameter of 2.5 
cm and is made with a rather sharply reduced diameter at the exit 
end. The reduced section is approximately 1 cm in outside diameter 
and 14 cm in length. The end of this section has a short taper to: 
6 to 8 mm outside diameter. No asbestos packing is used in the 
tube, as with high sulphur steels less trouble is experienced from 
accumulations of sulphuric acid during the run. However, a short 
roll (3 to 4 cm) of oxidized copper gauze is placed in the 700° to 800° 
zone of the exit end to make sure that no carbon escapes as the 
monoxide. The gauze becomes coated with ferric oxide and copper 
sulphate and must be renewed occasionally. 

The exit gases from the combustion tube are first passed through 
an absorption tube (fig. 1) containing about 8 to 10 ml of a 50 per 
cent aqueous solution of chromic acid ™ in the right arm and a 9 to 
10cm column of closely packed asbestos, plain or ironized,"* in the left 
arm. All of the sulphur dioxide is removed by the chromic acid 
Some, but by no means all, of the sulphur trioxide is condensed dung 
the passage through the asbestos and the solution. The first tube 
is followed by another of identical design which contains sulphun 
acid (97 per cent) in the right arm and asbestos in the left arm. This 
tube serves to dry the gases and to remove more of the sulphur trios 
ide. The water vapor which is carried over from the aqueous chrom 





10 Private communication from H. E, Slocum. i 

1 Grade 1 No. 150-G-1200-0. 15 Pt. 6 to 8 mesh, obtained from the Silica Gel Corporation, Baltimore, 4“ 

12 Made by treating the 0.15 platinum, catalyst with H2PtCls as per Holmes et al., loc. cit. p. 947. 

13 A saturated solution tends to salt out and clog the tube. - 
* 14 Our experience indicates that in this particular use, there is no difference in the absorbing or conde 
ing efficiency of plain or ironized asbestos for sulphur trioxide. ¢ enn 

1s For the condensation of SO; mists see: H. Remy and Rubland, Z. anorg. allgem. Chem., 139, ?.* 
1924; Z. agnew, Chem., 39, p. 147; 1926. 
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acid solution is not excessive (approx. 0.01 g perrun). After passing 
through the second tube the gases enter a small U tube (12 cm) 
containing 20 to 30 mesh anhydrone. This tube serves to complete 
the drying of the gases and also to condense sulphur trioxide mist 
which may have passed through the first two tubes. From this third 
tube the gases are passed into a ome tube containing ascarite and 
gnhydrone.© The chromic acid should be renewed about every 35 


runs, the sulphuric acid about every 100 runs and the anhydrone 
should suffice for about 400 runs. 

The pressure required for a gas stream of 200 to 250 ml per minute 
in a train of this construction 1s a little higher than in the ordinary 
train, but is not excessive and approximates about 4 cm of mercury. 
It is advantageous to use a mercury gage in the line as it serves to 
detect any leaks and also acts as a safety valve in case of a stop-up.” 


TaBLE 2.—Results for carbon obtained by using a purifying train consisting of an 
aqueous solution of CrO;, asbestos, 97 per cent sulphuric acid and anhydrone. 


[Figures in parenthesis indicate the number of determinations from which the average was obtained) 





Carbon 
Total 
sulphur 
present 





Weight 
Type of steel of 


Sulphur compound 
sample added 


Range of 
Present Average | determina- 
| tions 








Bureau of Standards stand- 1] | Per cent | Per cent 
ard B. O. H. No. 1ld > 0. 0008 10, 202 0. 201(12) 

Do.. eA SSS O06 F6Es......... . 026 | . 202 . 201(17) 
| EP eee a ere eee .03 Fea(SO,)3 . 0080 . 202 . 200(5) 
.02 HaSO, . 0065 | . 202 . 200(1) 




















1 Certificate value. 


Results obtained for steels to which sulphur compounds had been 
added are givenin Table2. The data show that an absorption system 
containing asbestos, 50 per cent aqueous chromic acid, 97 per cent 
sulphuric acid and fine anhydrone is entirely satisfactory for removing 
oxides of sulphur in any steel that is likely to be analyzed for carbon. 
Values for carbon that were obtained with this train on high sulphur 
steels are shown in Table 1. 

WasHINGTON, July 16, 1930. 





_| After the completion of the experiments incident to the adoption of the absorption system just described 
it was learned that P. Tyson, chief chemist of the Carpenter Steel Co., Reading, Pa., is also using a train 
consisting of 50 per cent aqueous chromic acid for removing sulphur dioxide, followed by sulphuric acid 
(98 per cent) and phosphorus pentoxide for removing Tr trioxide and moisture. 

" No trouble from leaks has been experienced by us. If desired the special tubes can be sealed together 
and a small tower substituted for the U tube, 
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KURFACE. TENSION OF SOAP SOLUTIONS AND ITS RELA- 
TION TO THE THICKNESS OF ADSORBED FILMS 


By Ronald Bulkley and F. G. Bitner 


ABSTRACT 


A sharp minimum in the surface tension-time curves of certain soap solutions 
has been interpreted in the literature as indicating the gradual formation of a 
kurface film possessing the properties of a plastic solid and having a thickness 
quivalent to some 10,000 molecular lengths. In this paper the hypothesis is 
advanced that the formation of the thick film is brought about by chemical action 
between carbon dioxide from the air and dissolved soap. Surface tension experi- 
ments performed in the open air have confirmed the existence of the minimum 
point observed by previous investigators. However, when solutions prepared 
Hn exactly the same manner were tested by the same method in an atmosphere 
free from carbon dioxide no minimum point was found. The solutions behaved 
instead in the manner which is characteristic of colloidal solutions in general. 
These results support the hypothesis advanced above and leave the preponder- 


ance of evidence against the existence of a film of extraordinary thickness at the 


surface of soap solutions. 


CONTENTS 


I. Introduction 
Il. Experimental _-_-- 
Il]. Discussion - — - 


I. INTRODUCTION 


In the course of an investigation ! to determine the limiting dis- 
tance to which a solid surface can affect the viscosity of a contiguous 
liquid, one of the authors had occasion to review the experimental 
work reported in the literature on the viscosity of liquids at the air- 
liquid interface. ‘The most diverse conclusions as to the nature and 
magnitude of this property have been reached by different investi- 
gators even from the performance of the same experiment. Thus 
Plateau? observed that the surface viscosity of some liquids was 
higher than the. viscosity in bulk, while the surface viscosity of other 
liquids was lower than in bulk. His experiments were repeated by 
Luvini * and, at a later date, by Lord Rayleigh,* both of whom arrived 
at the conclusion that the anomalous surface viscosities observed by 
Plateau were due to contamination. Stables and Wilson * measured 
the rate of damping of a torsion pendulum in the form of a thin disk 
suspended in the surface of a saponin solution, and found an abnor- 
mally high superficial. viscosity. 


, The Viscosity of Liquids as Measured in Fine Capillaries, Dissertation of Ronald Bulkley for degree 
wh ctor of Philosophy at Johns Hopkins University; 1930. 
soph A. F, Plateau, Statique des liquides, 8th series, 1873. 
ions Ovanni Luvini, On' the Adhesion Between Solids and Liquids, Phil. Mag. (4), 40, pp. 190 to 197; 
. _e Rayleigh; On the Superficial Viscosity 6f Water, Proe. Roy. Soc., 48, pp. 127 to 140; 1890. 
V.H Stables and A. E. Wilson, On the Viscosity of a Solution of Saponine, Phil. Mag. (5), 15, pp:.406 


(6 414; 1883 
951 
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du Noiiy,® with much more delicate instruments, found for orgy; 
colloids, in general, that the surface viscosity increased and the surfy, 
tension decreased as a function of time when the measurements y, 
made always on the same surface layer instead of on “‘a continuoyy 
renewed layer.’”’ Both phenomena were explained by assuming q 
increasing concentration of the suspended colloidal materia} in th 
surface due to adsorption. By taking observations on solutions ¢ 
various concentrations a decided minimum value for the surf 
tension was discovered which occurred always at the same conea. 
tration for a given material. This minimum value was postulated x 
occurring when the surface of the containing vessels and the fr 
liquid surface as well were just covered with an oriented mon 
molecular layer of the solute. 

Perhaps the most remarkable results in the literature are tho 
reported by Wilson and Ries.’ By several independent methods of 
attack these authors arrived at the conclusion that the surface ¢ 
a soap solution is a film with the properties of a plastic solid, the thie). 
ness of the film increasing with time to reach a value of from 104 
40u. This is of the order of 10,000 molecular lengths as contrasta 
with the monomolecular film postulated by du Noiiy. Wilson a 
Ries worked with much higher concentrations than du Noiiy. They 
found a sharp minimum and a sudden rise in the surface tension 
time curves for palmitate and stearate soaps, which they explaine 
by assuming that the film has the properties of a plastic solid, si 
at a critical thickness the force necessary to overcome the increasix 
yield value becomes greater than the corresponding reduction ¢ 
surface tension. 

Wilson and Ries apparently were aware that carbon dioxide woul 
react chemically with their soap solutions, but, as far as can be jud 
from their paper, their experiments were nevertheless conducted 
open vessels exposed to the ordinary atmosphere of the laboratory. 
It is conceivable, therefore, that the film on their solutions was forme 
by complete or partial decomposition of the soap by carbon dioxide 
five free acid or some of the numerous acid salts described by McBain’ 

hese probably would be lighter than the solution and would float s 
the surface, the thickness of the partially rigid layer increasing as the 
carbon dioxide diffused deeper into the liquid and the products of the 
reaction accumulated. Since the surface tension measurements sl 
easy of performance it seemed worth while to test out this hypothess 
by determining the shape of the surface tension-time curves when the 
solutions were at all times carfeully protected against contaminatio 
with carbon dioxide. 


II. EXPERIMENTAL 


The surface tension measurements were made with a du Noiy 
tensiometer. This instrument measures directly the force exerted by 
the surface film of the liquid under test upon a pintinnts ring of know 
mean circumference when the ring is pulled away from the liquid 
which it has been dipped. The ar: container used for the liquid 





6 P. L. du Notly, A Note on the Surface Viscosity of Colloidal Solutions, Sci., 61, p. uy; 1925. 


als 

Surface Tension of Colloidal Solutions and Dimensions of Certain Organic M olloidal Chea, 
1, PR 267 to 275, Chemical Catalog Co.; 1926. * 
obert E. Wilson and E. D. Ries, Surface Films as Plastic Solids, Coll. Sym. Mon., 1, pp. 145 to? 


1923. ~ 
* J. W. McBain, Colloidal Chemistry of Soap, B. A, A, 8, Third Report on Colloid Chemistry; ! 
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th this instrument is an open vessel which exposes the liquid to the 
- the composition of which varies from hour to hour and from day 
day. Figure 1 shows some typical results of tests performed in 
en vessels under conditions similar to those of Wilson and Ries. 
he solutions were made by adding 1 part of sodium oleate, stearate or 
imitate to 25,000 parts by weight of hot distilled water which had 
on boiled about 30 minutes to rid it of CO,. The solutions were 
en stoppered and allowed to cool. The surface tension-time curves 
, almost identical with those found by Wilson and Ries. The 
ve for the oleate shows the decline to steady value, those for the 
sarate and palmitate the rise after minimum. The stock solutions 
ere protected from CO, by passing all the air which entered the 
ysk on cooling or while withdrawing samples through a soda-lime 
be, All samples were withdrawn by a syphon from the center of 
be flask. 

The container used in later experiments was a 3-necked Woulff 
ottle as shown in Figure 2. The tensiometer ring was suspended 
prough the middle neck by an aluminum wire of sufficient diameter 
» give rigidity and of sufficient length to reach the bottom of the 
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Fieure 1.—Surface tension-time graphs for solutions in open vessels 


bottle. This hole was then partly closed by a split-cork ring leaving 
hole one-half centimeter in diameter through which the aluminum 
ire could move easily without touching the side. Air was supplied 
0 the bottle through another neck by a glass tube which extended 
bout halfway to the bottom. The solution was syphoned into the 
bottle through the third neck which was then stoppered. Air from 
he house pressure line was passed first through a wash bottle contain- 
hg concentrated H,SOQ, to indicate the rate of flow, through a dryin 
ube containing P,O,; to remove moisture, and then to the Woul 
bottle. When air which was free from CO, was desired, a tube 
ontaining soda lime was introduced between the indicator and the 
trying tube. The air stream was allowed to run through the bottle 
or about 15 minutes before the sample was introduced. The purpose 
of this circulation was to rid the bottle of CO,-laden air. 
| The drying tube of P,O, was used to insure approximately constant 
humidity in the Woulff bottle. That the initial decrease of surface 
fasion with time was not due to evaporation from the surface was 
shown by making a few tests with the stearate and palmitate solu- 
ons while moist air was passed through the bottle. The air was 
moistened by bubbling through water near the boiling point and then 
through a column of distilled water about 50 cm deep which was kept 
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at room temperature. Under these conditions both solutions s 
the characteristic drop in surface tension with time. 

With the apparatus in place, a stream of air regulated to about 99 
bubbles per minute was passed into the Woulff bottle. Sineo this 
air passed from the bottle through the small hole around the aluminum 
wire, there was little chance of backward diffusion into the bottle 

The sample was syphoned into the bottle after allowing some of 
the solution to run to waste, thus obtaining a better sample of the 
solution at the center of the flask. The first measurement was mada 
as quickly as possible, and succeeding ones at measured time interys|s 
The air stream was stopped for each measurement, an operation oj 
about 20 seconds, 
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Ficure 2.—Sketch of container and train for removing CO, from air 


Figures 3 and 4 show typical results of tests conducted in Woiulli 
bottles on sodium-stearate solutions. 

When the air stream had not been freed of CO, the surface tension- 
time curves were much the same as when made in an open vess 
(Figs.3,aand4,a.) The chief difference noticed was a slower decreas? 
in surface tension with time. When the air in contact with the soap 
solutions had been freed of CO», the surface tension decreased at i 
slower rate as shown by Figures 3, b and 4, b, reaching a steady valu 
which held for about four hours or until the test was stopped. For the 
solution in Figure 4, the soda-lime tube was removed after the surface 
tension had remained steady for about four hours. Measurements 
then made at 10-minute intervals showed a sharp minimum. 

Solutions of sodium stearate of high purity, made in the laboratory 
by titrating an alcoholic solution of chemically pure stearic acid wilt 
an.alcoholic solution of NaOH, gave the same results as did the coll" 
mercial product, 
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Surface Tension of Soap Solutions 


III. DISCUSSION 


The authors offer no explanation of the observations here reported 
other than the hypothesis advanced earlier in the paper. This 
hypothesis is set forth merely as a tentative explanation, and it is 
ipported only qualitatively by the meager evidence we have de- 
wiped. If the reaction of carbon dioxide with sodium oleate in the 
surface layer of a solution should proceed far enough to produce oleic 
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Figure 3.—Surface tension-time graphs for soap solution in Woulff bottle 
a, COz not removed from air stream; b, CO2 removed by soda lime. 


acid, the surface would be covered with a thin liquid film which would 
act only to lower the surface tension. No minimum in the surface 
tension-time curve would be expected for this solution exposed to the 
air and none was observed. On the other hand, the film resulting 
irom the reaction of carbon dioxide with palmitate or stearate would 
be of a more or less solid nature and conceivably would acquire suf- 
ficient rigidity to produce the rise in the apparent surface tension which 
was found. In the absence of carbon dioxide all the solutions should 
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uRE 4.—Surface tension-ltime graphs for soap solution in Woulff bottle 
a, CO2 not removed from air stream, b, CO, removed by soda lime. 


give a gradually decreasing surface tension as the concentration of the 
soap In the surface increased by adsorption. When equilibrium has 
been established between adsorbed soap in the surface and dissolved 
soap in the body of the liquid the surface tension should reach a low 
steady value as was actually observed. 

Many disturbing factors enter to complicate the results, such as the 
ege of the solution, the degree of hydrolysis of the dissolved soap, ete. 
(he absolute values probably do not have much significance, In the 
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particular examples chosen here measurements made in the preseng 
of carbon dioxide gave for commercial stearate a graph which 
lower throughout its entire length than the corresponding graph for 
data taken in the absence of carbon dioxide. For pure sodiym. 
stearate solutions the two curves crossed each other. Only the shape 
of the curves, that is, the relative values of the surface tension at 
different times for a single sample, are reliable as indicating the natur 
of the phenomena taking place. The one invariable observation 
which is common to all the graphs, including many not shown in this 
paper, is that the presence of carbon dioxide hastens the decrease jp 
surface tension before the minimum point has been reached, and 
directly causes the rise which takes place thereafter. This seems 
sufficient to demonstrate that there is no sound basis for belief in the 
existence of a film of more than ordinary thickness on the surface of 
uncontaminated soap solutions. From ample evidence accumulated 
by investigators in the past the conclusion is unavoidable that this 
film, in which the properties are different from the properties of the 
solution in bulk, is not more than a very few molecular lengths in 
thickness. 

Interesting results might be found by the further study of the 
surface tension of colloidal solutions by the capillary tube method or 
by other methods under carefully controlled conditions. Barr'ng 
experimental difficulties the ideal situation would of course be to have 
the surface of the solution in contact only with its own vapor. 


IV. CONCLUSIONS 


1. There is no minimum point in the surface tension-time curve of 


soap solutions protected from carbon dioxide. 

2. Such solutions are probably covered not by a plastic film several 
thousand molecules in thickness but only by a much thinner adsorbed 
film, a few molecules thick at the most. 


WasHINGTON, July 31, 1930. 
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THE MEASUREMENT OF SOUND ABSORPTION 
By V. L. Chrisler and W. F. Snyder 


ABSTRACT 


This paper contains a brief discussion of the theory of reverberation measure- 
ments. The reverberation room is described and details are given as to the 
method of measuring sound absorption by means of the ear. 

Methods are also described by which sound absorption can be determined 
from oscillograph records or by the use of an attenuator box and vacuum tube 


voltmeter. 
CONTENTS 


. Introduction 
. Methods available 
. Theory of the reverberation method 
/, Description of the reverberation room 
. Reverberation time for an acoustically dead room_ - _- 
. Source of sound 
. Calibration of the reverberation room 
. Measurement of sound absorption coefficients by the ear method__ 
. Measurement of sound absorption by instrumental methods 


I. INTRODUCTION 


Since radiobroadcasting and sound pictures have become important 
the problem of the acoustical treatment of auditoriums has been 
eatly emphasized. If the acoustic quality of a room is to be 
Teeorenbaed in advance and is not to be a matter of cut and try, it is 


necessary to know the sound-absorption coefficients of the materials 
used in the interior finish of the room. 

For some years past the National Bureau of Standards has realized 
the importance of this problem and has carried on experiments 
to determine the best method of measuring these coefficients. It 
}is the purpose of the present paper to describe the theory and the 
method now in use at the bureau for this purpose. 


II. METHODS AVAILABLE 


Two methods have been used for the determination of sound 
absorption coefficients—the reverberation method of W. C. Sabine ! 
and the tube method used by H. O. Taylor? and others. At the 
| time this work was undertaken by the bureau, now some six years 
| ago, the tube method, being entirely instrumental, appeared to be 
/more desirable than the reverberation method, which involved 
the use of the ear. In addition, the tube method had the advantage 
| that small samples could be used.* For these reasons this method 
was used for several years. 





‘wy. C. Sabine, Collected Papers on Acoustics, Harvard University Press; 1922. 
, 3.0. Taylor, Phys. Rev., 2, p. 270; 1913. 
ission and Absorption of Sound by Some Building Materials, B.S. Sci. Paper No. 526, p. 61. 
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Notwithstanding the ease which such measurements ¢o, 
conducted, it soon became evident that the results obtained by, 
method did not agree with those obtained by other observes | 
the reverberation method. In order to check and con pare 
two methods when carried out by the same observers, the \ Natic 
Bureau of Standards constructed a reverberation room which 
now been in use for about two years. 

As a result of this comparative study the bureau has disconti 
the use of the tube method. The reasons for this change ay 
cussed in an article entitled: ‘Absorption of Sound at Oblique 4; 
of Incidence,”’ published in the Bureau of Standards ae 
Research for February, 1930. 


III. THEORY OF THE REVERBERATION METHOD 


W. C. Sabine,‘ the pioneer in the science of architectural acoys 
first developed and made use of a reverberation equation in m 
sound-absorption measurements. His discussion of the subje: 
spread at considerable length throughout his writings, and js 
convenient for reference. A more compact and re vadable presents 
is given by F. R. Watson ° in a publication which is, pethas, 
generally accessible. For this reason it may be well to give her 
brief summary of the theory, following the line of Watson’s discuss 

The equation for the dec: ay of sound in a room, as developed! 
Jaeger ° is 

y avi 
E= Rye" 44 6 -W 
ave 
where 

E= energy of sound per unit volume in the room at time t. 
A=rate of emission of energy from the source of sound. 
a=average coeflicient of absorption. 
v=velocity of sound. 
V=volume of room. 
¢= time at any instant after the source of sound is stopped. 
S=total area exposed to sound waves. 

In the practice of the reverberation method as heretofore conduit 
sound is ‘reduced from any suitable source, and suddenly cut ¢ 
The time is measured from the instant of the stopping of the som 
until the residual sound becomes inaudible. 

The object of reverberation experiments is to determin 
quantity, a, and this involves a knowledge of all other quanti! 
equation (1). 

Fis determined, according to the precedure stated, by the thresh 
of hearing. This is assumed to be one physical unit for the normal 
but may vary considerably from day to day with the same pert 
Over a short period of time, however, it may be fairly const 
though its absolute value is uncertain. 

A is a quantity eather difficult to determine absolutely, though ® 
ratio of two values of A may be determined quite accurately. 1 
consideration, together with that in the preceding paragraph, Sif 





4 See footnote 1, p. 957. 

5 F. R. Watson, The Absorption of Sound by Materials, Bull. No. 172, Univ. of Ill.’ Eng. Exp. 
Nov. 29, 1927. 

* Jaeger, “‘Zur Theorie des Nacbhalls,”’ Akad. Wiss. Sitz, Ber., 120, 2a p. 613, 1911. 
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sis the advisability of making two experiments in close succession 
th different values of A, and ‘eliminating E. This is the procedure 
oa adopted in the calibration of the reverberation room. For 
tput values of A, and A’;, equation (1) gives the following for an 
pty room of absorption coefficient a, and time of decay ¢,. 


_ aw St 
V | 
92) 
4V 


4Vx 23 logs ( a) 


pe 3 
" v(t, —t’1) wie 


e usual formula for calibration of a room by the reverberation-ear 
thod. 

Let us now introduce into the room a sample of material to be 
pasured for sound absorption. Let its area be S, and its coefficient 
absorption dj. This leaves an area S;=S—S, of the walls of the 
m with a coefficient a;. 

Equation (1) gives in this case 


iminating H we get 


4A, _ (as Si+-a2S;) ots ots 


— V 
i (aS, + agS2)v : : (4) 


' By introducing the absorbent material in the room the initial 
Btensity has been reduced from 


4A, 0 4A, 
QSv (aS, + aS2)v 





and therefore the measured time f, is a trifle shorter than it would be 
the initial intensity were the same as that in the empty room. If 
is now assumed that the initial intensity with the sample in room 
increased to the initial intensity with the room empty, equation (4) 
comes 

# — ° A, _ (ar Si+a2S2) vt's 


- (5) 


~ a,So ‘ 


5 rom the first of equations (2) and (5) 


_ at if a,S,t’s 
ot" 





All of the quantities on the right have been measured except t’s, 
ut this can be computed in terms of t,. From equations (4) and (5) 
4V a iS) a #222) 
(a,S, + a2S2) " loge (5 a8; _ 


' 0 solve this equation a, must be known, but a sufficiently exact 
Value can be obtained by assuming ¢’, equal to ft, and solving for a, 


’4= 


(7) 
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from equation (6). This approximate value of a2 is used in equati 
(7) and thus obtaining t’,. The exact value of a; can now be compy 
from equation (6). nd th 
The foregoing theory applies to the method of reverberation Jame!°” 
heretofore applied, using the threshold of the ear as a fixed poin, 
reference. The modification of this method now in use at the Natio, 
Bureau of Standards eliminates the ear as a factor, and measures i 
time required for the sound intensity to decay from one fixed ley¢| 
another, starting from any initial intensity. The two levels of mp 
ence between which the time is measured are indicated instrumentyly 
The foregoing equations for the ear method need but slight chany 
to be applicabie to this modified practice. If the levels of measy 
ment are £, and £, equation (1) gives for the empty room: 


10 5h a- 
E, “ Eve 4V 


E, — Eve 


where ¢, and f, are now the times of passing the sound levels £, and § 
Eliminating Z, and solving for a,S, the total absorption of tly 
empty room, we obtain: 


4VX2.3 logo( je) 
ne 


After introduc.ng the test sample we obtain by modifying similar) 
equation (4) and denoting the new times by t,’ and ¢,’: 


4VX2.3 logo( 5) 


a,8, + a,8,= — v(t—t’) 


from which a2, the absorption coefficient of the sample may be calci- 
lated. It will be noticed that with the instrumental method it is 10 
necessary to use two different output intensities, as Ey is eliminatel 
between the equations at the two levels F, and £). 


IV. DESCRIPTION OF THE REVERBERATION ROOM 


In planning this room two features were taken into consideratic, 
first, the period of reverberation should be long, and second, tit 
walls should be good sound insulators to eliminate the disturbanw 
from outside noises. Figure 1 (a) and (6) show the construction 
the room. It is a rectangular room 25 by 30 by 20 feet. The inne 
and outer walls are of brick, 8 inches thick and there is an air space 
4 inches between the inner and outer walls. The ceiling is of ret 
forced concrete supported on the inner walls. The roof is composed 
a second minions concrete slab placed about 16 inches above tht 
ceiling, and carried on the outer wail. In this way there is no come 

spen 
ebuil 
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ction between the inner and outer shells except at the foundation, 
'd the sound insulation is excellent. Except for sounds, which are 
susmitted by ground vibration, the four doors at the entrance 





























Secrion A-A 


B 


Ficvure 1.—Plan and cross section of reverberation room 
(a) Plan; (6) Cross section. 


permit more sound to pass through than any other portion of the 


»uilding. It is seldom that enough sound comes through to disturb 
-4ny measurements. 
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V. REVERBERATION TIME FOR AN ACOUSTICALLY ppyj 
ROOM 


W. C. Sabine’ defined the reverberation time of a room 4s i 
time required for a sound of an intensity of 1,000,000 physical y, 
or 60 decibels to decay to one physical unit or zero decibels. Settn 
E,)= 1,000,000 E in equation (1) and introducing the value of th 
velocity of sound, 1,088 ft./sec. for v, Sabine’s formula 


0.05 V 
sia aS 


may be obtained from equation (1). 

If the reverberation time becomes very small, as in a room yij 
much absorbing material, the value of @ as computed from equatio 
(11) often exceeds unity, which is an absurd consequence. 1} 
result shows that equation (11), and also equation (1) from whid 
(11) was obtained, do not apply to rooms which are very dead. 

Norris® and Eyring? have developed theoretical modifications , 
Sabine’s formula to meet this objection, in which the reverberatig 
time is expressed as follows: 


0.05 V 
T= —| 
— Slog, (1—a) 

in which a is the average coefficient of absorption. This remove 
the objection to the older formula, as a becomes 1 when 7'=0. Whe 
the average coefficient does not exceed 0.1 the two formulas (11) an 
(12) agree within the limits of experimental error. 

The question now arises whether sound absorption coefficient 
which have been obtained in the reverberation room can be used {i 
a in equation (12). If the equation for the decay of sound is writia 
as derived by Norris or by Eyring we have: 


vSt loge (1—a) 

E=Ee ‘* (13) 
instead of equation (1). If measurements are made instrumental 
between two different intensity levels an equation similar to (9) ci 
be derived: 


4 
—S loge (l—a)_4V X2.3 logio i) 
- v (t2—t,) 


(14 


and the average a for the empty room can be solved for as before. |! 
this average a is defined as 


a; Sy - a2 S.+_ 
S 


a 





7 See footnote 1, p. 957. + plist 
§ R. F. Norris, of the Burgess Laboratories, Madison, Wis., private communication, as yet unpub 
* Carl F. Eyring, Reverberation Time in Dead Rooms, Reprint B-465, Bell T elephone Laboratories. 





Sound Absorption 


here S is the total area and S,, S;, etc., the areas of the materials 
ving coefficients @, a2, etc., then when a sample is placed in the 
m equation (14) becomes: 


it ogee (1 af a8 a2) 5 40x23 lon AE) (15) 
S v (t, —t;) 


da, can be solved for, as the other quantities are all known or can 
measured. 

The largest absorption coefficient which has been measured so far 
the bureau’s reverberation room is 0.94 as calculated by equation 
») or 0.91 by equation (15). The average coefficient for the whole 
om in this case was a trifle less than 0.04. It is therefore safe to 
»y that in none of the measurements to date, which seldom rise 
hove 0.50, has the reverberation room been dead enough to cause 
he result to depend appreciably on the formula used. 


VI. SOURCE OF SOUND 


In selecting a source of sound two features are desirable, first, that 
pure note of any desired pitch can be produced, and second, that 
e intensity can be easily changed through a wide range. After 
pnsidering various sources of sound it was decided that a loud- 
eaker with a suitable electric oscillator was the most satisfactory 
nethod of accomplishing the above results. 

After deciding upon a loud-speaker as a source of sound it was 
und that care must be taken in the choice of the type, as many 
vakers do not faithfully reproduce what is put into them. The 
one apparently breaks up into segments, and overtones are produced 
shich are not present as harmonics in the current supplied to the 
oud-speaker. It is also desirable that the acoustical output be 
lirectly proportional to the electrical input. 

The speaker finally chosen was of the dynamic type, and when 
ested for the above properties was found to be satisfactory. The 
uality of the tone was checked by receiving the sound electrically 
ind then amplifying with a high-grade resistance-coupled amplifier 
ind examining the output on an oscillograph. On viewing the 
mage in a rotating mirror no appreciable harmonics were detected. 
To determine the relation between the electric input and the 
acoustical output of the source of sound, the source (a loud-speaker 
vas mounted in the room used for transmission measurements. To 
obtain as uniform a distribution of sound as possible the loud-speaker 
was rotated and a narrow band of frequencies used instead of a 
single frequency. Three different types of electric receivers were 
used, (1) a special telephone receiver made by the Bell Telephone 
Laboratories, (2) a loud-speaker in which a movable coil attached to 
metallic diaphragm moved in an electromagnetic field, and (3) a 
condenser microphone. Several different strengths of current were 
applied to the source, and relative intensity was measured with the 
different receivers. In each case the square root of the sound in- 
tensity was found to be proportional to the current in the source. 
The results for one frequency are give in Figure 2. 
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In the first work a Vreeland oscillator was used as a source, 1 
output of this oscillator was remarkably free from harmonics by 
there were some undesirable features. A beat-frequency oscilla 
has been developed which is much more satisfactory. Figuy 
gives the wiring diagram. There are a few points about this ciny 
which may be of general interest although the ideas are not origin, 
To prevent the two oscillating circuits from being drawn together 
frequency when the beat frequency is low, a stage of radioampij 
cation has been added to each oscillator. With this loose coupli 
it is possible to go as low as 10 cycles without appreciable distortiy, 
The freedom from distortion is also partly due to the careful shieldiy 
between the different sections of the oscillator. Special fixed 
densers were used in the tuned circuits to prevent frequency (ri 
with temperature changes. The results have been excellent. (jp 
a period of an hour or more there has never been any appreciabj 
frequency drift. The a. c. output voltage is about 4 volts, a 
approximately constant from 50 to 6,000 cycles. 
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Figure 2.—Intensity calibration of loud-speaker 
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For some work it is desirable to use a tone which varies through 
a narrow band. To accomplish this, a small rotating variable cor 
denser is placed externally in parallel with the condensers in the 
tuned circuit of one of the oscillators. The width of this band ca 
be controlled by proper adjustment of the rotating condenser. 

To obtain sufficient energy for the loud-speaker the output of th 
beat-frequency oscillator is fed into a high-grade resistance-couplé! 
amplifier, the output of this amplifier going to the loud-speaker. 


VII. CALIBRATION OF THE REVERBERATION ROOM 


The reverberation room was first calibrated by the ear method 
using equation (3). This is essentially the plan used by Sabine 
his four-organ-pipe experiment. The principal difference in the tw 
experiments is that by using a loud-speaker it is easy to vary lt 
intensity ratio by as much as 1,600 instead of being limited to 4. 





10 G. F. Lampkin, Radio Broadcast, 13, No.3, p. 157; July, 1928. Cohen, Aldridge and West, J. las 
Radio Engrs, (London), 64, 1023; 1926. 
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‘ve stations for measurement were chosen, arranged in an irregular 
nner around the floor. The observer was seated in a box for the 
rpose of eliminating the absorption of his clothing. 

mo obtain the total absorption of the room at any given frequency 
observations were made for each intensity. Six intensities were 
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Fiaure 3.—Beat frequency oscillator 
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aken, the minimum corresponding to a 4 milliampere input to the 
oud-speaker and the maximum to 170 milliamperes input. This 
equired the observer to make 300 observations to obtain the total 
bsorption of the empty room for a single frequency. The figure 
nally used was the average of those obtained by two observers. 
he results of some of these observations are shown in Figure 4. 
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As the acoustical output of the loud-speaker is proportional to 
square of the current, E= KC? and equation (9) becomes 


120.9 x 2 logu( 5) 
aS =— ne 
i—t, 


when the proper values are substituted for V and »v. 

After a large number of observations it was found that the tine, 
decay, except at 128 cycles, was independent of the observer's Dey 
tion when the room was empty. In a few cases when a very absop, 
ent sample was in the room there was a change in the period with 
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Fiaure 4.—Relation between period of decay of sound and logarithm of cur- 
rent ratio 





























change in position of the observer which was greater than the expe: 
mental error. This has not exceeded 0.2 of a second, the total pen 
being from 6 to 8 seconds. At 128 cycles the difference under sou 
conditions was somewhat larger. That the difference in period shoul 
be as small as possible at different positions in the room is of impor’ 
ance, as one of the conditions imposed in deriving the formula is thi! 
there shall be a uniform distribution of the sound energy at all time 
If the period is not independent of the position this condition has 10! 
been met. 


VIII. MEASUREMENT OF SOUND ABSORPTION 
COEFFICIENTS BY THE EAR METHOD 


The usual method of determining the absorption coefficient of a! 
material has been to determine the period of decay with the rovl 
empty and again with the test sample in the room. From equatio® 
(3), (5), and (6) the coefficients of the material could be computed 
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” | 

» determine experimentally whether equation (6) gave the proper 
rection a few sets of measurements were made on different samples 
-) eveles. The results are shown in Figure 5. The curves 1 and 
ntersect ab t=0, as they should. | ’ 

‘yr an ordinary determination of time of decay 10 observations 

-made at each frequency, and this series repeated at a second 
btion, The intensity was then changed and the whole sct repeated. 
rule, the results from these measurements were in fair agreement. 
, cheek determination, all of the measurements were repeated on a 
y. This required not less than 960 observations to be made 
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determine the absorption coefficients at six frequencies for a single 
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1, Relation between logarithm of current in loud-speaker and period of decay cf sound with- 
it absorbing material in room. 
2. Same with absorbing material in room. 

Curve 2 corrected for intensity shift due to absorbing material. 


mple, the equivalent of two days of strenuous work for a single ob- 
If the two sets did not check, additional measurements had 
bemade. As this involved entirely too much work it soon became 
ident that it was desirable to develop a method in which a single ob- 
Tyation Was more accurate, so that it would not be necessary to take 
imany measurements. 


X. MEASUREMENT OF SOUND ABSORPTION BY INSTRU- 
MENTAL METHODS 


‘rom the results of ear measurements it was thought that the sound 


tensity decayed in a nearly uniform manner, and this suggested that 
) a . . ny . . 
oscillograph record might be taken from which the absorption co- 


len 


iclent might be computed. 
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To obtain these records it was necessary to use a suitable elect, 
receiver and amplifier. Various electrical receivers were used, }y, 
condenser microphone proved the most satisfactory. To obtain 4 
necessary undistorted energy to operate the oscillograph a jy 
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resistance-coupled amplifier was built. A diagram of this circuits 
shown in Figure 6. The next to the last stage contains 4 tut 
circuit which can be used when desired. This aids in eliminating # 
sounds except those for which the circuit is tuned. 
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Theoretically the curves recorded photographically should show a 
arithmic decay for the sound energy; actually they do not always 
;so. Figure 7 illustrates the decay of a low-pitched note of a single 
pquency. . Wee ; 

After obtaining a few films like this it became evident that steps 
Hust be taken to obtain a distribution of sound which was more 
arly uniform at each instant. To accomplish this the source of 
bund was rotated and instead of using a single frequency, a band 
as used, its width being about 10 per cent of the average frequency. 
pr example, at 512 cycles the lower end of the band was about 
s cycles below 512 and the upper about 25 cycles above. Jointly 
ese two procedures produced a much more uniform distribution. 
foure 8 shows one of the films obtained under these conditions. In 
is case it is possible to draw an envelope to the curve, and by 


Heasuring its ordinates at a number of values of the time the rate of 
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FicureE 9.—Rate of decay from oscillogram record 


fecay can be computed. Knowing the rate of decay, the absorption 


sn be computed from equation (3). To show that the rate of decay 


pas logarithmic the ordinates of the above film have been squared 


d their logarithms plotted against the time. The results are shown 


m Figure 9. 


| In this manner a calibration of the reverberation room was made, 
Which is shown in Figure 10 along with the calibration previously 
Gescribed, made by ear. There was a little additional equipment in 


5 


pee room when the calibration was made by the oscillograph, but it 
s doubtful if this would account for the difference of four or five 


its of absorption shown in the curves. 

An attempt was also made to eliminate some of the irregularities 
y rectifying the current and using large chokes and condensers in 
he electrical circuit. Figure 11 shows the result, It is quite evident 
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there is no improvement; in fact, it would be easier to dray 
envelope to Figure 8. 

The results shown in Fi igure 10 are the average of a cons 
number of films. It was found that the result of a single film 
dependable. The variation is probably caused by a gr wilibal:d drif 
the sound pattern in the room past the receiver as “the:-s oun 4 st 
away. It might be considered that two things are taking ; we 
First, the sound is decaying, and second, the drift of the sound potion, 
either tends to increase or dec rease the rate of decay. If the d 
such as to increase the rate of decay the apparent absorption is ty 
large, w hile if the drift decreases the rate of decay, the appare 
absorption i is too small. Ii a sufficient number of films were take: 
this variation would probably average out, but the time required jy: 
this is greater than that required to take the measurements by e 
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Figure 10.—Calibration of reverberation room 


As the os cillograph gives a permanent record, which is 
desirable, it seemed best to mate further efforts to secure sati 
records of the sound decay. If a record could be made thro 
sufficiently long-time wei it seemed possible that the drift: 
sound pattern might be averaged out. To accomplish this 11 
necessary to change the amount of amplification while taking ’ 
record. This was “accomplished by the use of an attenuator 
amplifier circuit. Figure 12 shows how such a record loo! 
drawing envelopes to these two decay curves and then dra\ 
parallel lines as shown we can determine the time that is requ 
the sound to decay a definite amount. The amount of this 
can be determined by using a calibrated attenuator box. 


Q 


absorption can then be calculated as before from equation (9 
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This gives us a method which is very similar to the classical rever- 
peration method. The principal difference lies in the fact that we 
no longer use the threshold of audibility, but determine the time of 
decay for a measured change of intensity. A large number of records 
have been made in this manner, but the results are somewhat dis- 
appointing when used to determine the absorption coefficients of 
materials. It was hoped that the time of decay of a given sound 
through a given change of intensity would be constant provided other 
conditions remained constant. It was found, however, that the time 
was not a constant due probably to the drift of the sound pattern. 
Variations were found which were somewhat smaller than those 
obtained by a good observer using a stop watch to measure the time 
' of decay of the sound, as the error due to the personal element was 
| eliminated. As a result of this it was found necessary to take a number 
of films and use the average if satisfactory results were to be obtained 

when measuring the sound absorption coefficient of samples of material. 
' As it is a slow process to take oscillograph records and work them 
up, the oscillograph has finally been abandoned and the process 
slightly modified. The oscillograph method as described consisted 
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FicurE 13.—Schematic diagram of electrical apparatus 


Sketch shows entire arrangement 


essentially in determining the length of time required for a sound to 
decay by a given amount. This can also be done by substituting a 
rectifying tube and microammeter. 

The process of measurement is as follows. After the source has 
been on for a second or so the sound is cut off. Some arbitrary point 
‘s taken on the microammeter scale and as the sound dies away the 
microammeter needle passes this point. At that instant a timer is 
started by the observer and a helper changes the attenuator box a 
given amount so as to decrease the attenuation. The current is thus 
increased in the microammeter. As the sound continues to decay the 
needle again drops back through the same point and at this instant 
the timer is stopped. Knowing the change in attenuation and the 
time, the absorption can be computed from equation (10). 

The measurements can be made much faster in this manner, 
although the accuracy of determining the time interval by a single 
measurement is not as good as that obtained from a single film taken 
with the ‘oscillograph. 

To obtain satisfactory results it is necessary to make a large number 
of measurements, just as when the ear is used as a measuring instru- 
ment, but it is believed that the accuracy of measurement is somewhat 
greater. 
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The results of some of the measurements are given in Table 1. 


TABLE 1. 





Absorption coefficients at frequencies— 


128 1,024 | 2,048 | 4.0% 





| Instrument q Lg 0.62 | 0.60 
Oscillograph ‘ . oe oe 


i 
. 54 | 
55 | 


fInstrument 


75 
\ Ear- -- 


75 
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